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NORTHROP SPACE LABORATORIES 
FOREWORD 
T h i s  r e p o r t  c o v e r s  an  R & D program, conducted from March 1964 t o  Janua ry  1965, 
f o r  t h e  purpose  of deve lop ing  t echn iques  and d e s i g n  d a t a  f o r  t h e  u s e  of f u s i b l e  
m a t e r i a l s i n  thermal  c o n t r o l  of s p a c e c r a f t  subsystems.  
The s t u d y  program i s  sponsored  by t h e  George C. Marsha l l  Space F l i g h t  C e n t e r ,  
N a t i o n a l  A e r o n a u t i c s  and Space Admin i s t r a t ion ,  H u n t s v i l l e ,  Alabama, under  Con- 
t r a c t  No. NAS 8-11163. The program was conducted under  t h e  d i r e c t i o n  of 
T. C. B a n n i s t e r ,  MSFC Research P r o j e c t  Labora to ry ,  Space Thermodynamics Branch. 
A. P. S h l o s i n g e r ,  S u p e r v i s o r  o f  t h e  Temperature and Environmental  Con t ro l  Systems 
Branch,  Systems Eng inee r ing  S e c t i o n ,  Northrop Space L a b o r a t o r i e s ,  i s  t h e  program 
manager and p r i n c i p a l  i n v e s t i g a t o r .  
The r e p o r t  w a s  p r e p a r e d  by E. W. B e n t i l l a ,  Sen io r  Eng inee r ,  and A. I?. S h l o s i n g e r ,  
S u p e r v i s o r ,  NSL Temperature  and Environmental  Con t ro l  Systems Branch. Major 
c o n t r i b u t i o n s  were made by M r .  L. Karre ,  S e n i o r  Research Ana lys t ,  NSL Space 
M a t e r i a l s  Lab, and by M r .  W. Woo, Senior  Eng inee r ,  NSL Temperature  and Environ-  
men ta l  C o n t r o l  Systems Branch. 
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SUMMARY 
T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t h e  f i r s t  phase of a r e s e a r c h  program 
on t h e  a p p l i c a t i o n  of t h e  m e l t i n g  and s o l i d i f i c a t i o n  o f  materials t o  t h e r -  
m a l  c o n t r o l  of  space  v e h i c l e  subsystems. The program o b j e c t i v e  i s  t o  p ro -  
v i d e  s p e c i f i c  d e s i g n  d a t a  f o r  t h e  a p p l i c a t i o n  of t h i s  c o n c e p t .  T h i s  
i n c l u d e s  s e l e c t i o n  of s u i t a b l e  f u s i b l e  materials, p r o v i d i n g  r e q u i r e d  thelmo- 
p h y s i c a l  p r o p e r t i e s  of t h e s e  materials, d e f i n i n g  t h e  p r a c t i c a l  l i m i t s  of 
h e a t  a b s o r p t i o n ,  d e t e r m i n i n g  material weight  r e l a t i v e  t o  performance,  
i n t e g r a t i o n  of t h i s  concep t  w i t h  o t h e r  h e a t  r e j e c t i o n  sys t ems  and methods 
of d e s i g n  of f u s i b l e  materials t empera tu re  c o n t r o l  packages.  T h e o r e t i c a l  
and e x p e r i m e n t a l  methods have been used t o  o b t a i n  t h e s e  r e s u l t s .  
During t h e  phase  of t h e  program covered by t h i s  r e p o r t ,  f u s i b l e  materials 
were s e l e c t e d ,  t h e  r e q u i r e d  therrnophysical p r o p e r t i e s  r e q u i r e d  f o r  a n a l y s i s  
and packag ing  d e s i g n  de te rmined ,  t h e  a n a l y s i s  of two t e m p e r a t u r e  c o n t r o l  
t e c h n i q u e s  completed and work started on expe r imen ta l  v e r i f i c a t i o n  of  tern- 
p e r a t u r e  c o n t r o l  package d e s i g n .  
A l i t e r a t u r e  s e a r c h  and p r e l i m i n a r y  sc reen ing  r e s u l t e d  i n  a l i s t i n g  of 
p o t e n t i a l  c a n d i d a t e  f u s i b l e  materials. A f t e r  more e x t e n s i v e  e v a l u a t i o n  of 
t h e s e  materials, t h e  normal ( n - )  p a r a f f i n s ,  c o n t a i n i n g  from f o u r t e e n  t o  
t h i r t y  ca rbon  atoms were c o n s i d e r e d  as t h e  b e s t  c a n d i d a t e  materials f o r  t h i s  
s t u d y .  Four  n - p a r a f f i n s ,  w i t h  an even number of carbon atoms,  i . e .  
1 6H34’ t e t r a d e c a n e  C 14H30, hexadecane C 
were s e l e c t e d  f o r  f u r t h e r  s tudy .  Two o t h e r  materials ( f o r m i c  a c i d  and 
camphene) were c o n s i d e r e d ,  b u t  d i s c a r d e d  when p r e l i m i n a r y  t e s t s  showed 
t h a t  t h e y  had u n d e s i r a b l e  c h a r a c t e r i s t i c s .  
20H42’ o c t a d e c a n e  C18H38, e i c o s a n e  C 
The s o l i d  and l i q u i d  d e n s i t i e s  and o t h e r  t he rmophys ica l  p r o p e r t i e s  of t h e  
s e l e c t e d  materials r e q u i r e d  f o r  the  a n a l y t i c a l  e v a l u a t i o n  and system d e s i g n ,  
b u t  n o t  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  were determined e x p e r i m e n t a l l y .  Very 
l i t t l e  d a t a  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  f o r  t h e  s o l i d  phase p r o p e r t i e s  of 
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any of  t h e  materials c o n s i d e r e d .  
Two models of p a s s i v e  t e m p e r a t u r e  c o n t r o l  t e c h n i q u e s  ( o r  sys t ems)  u s i n g  f u s -  
i b l e  materials as a h e a t  s i n k  were s e l e c t e d  f o r  a n a l y t i c a l  e v a l u a t i o n  and 
e x p e r i m e n t a l  v e r i f i c a t i o n .  
The f i r s t  model i s  a d i a b a t i c .  A l l  t h e  waste h e a t  r e j e c t e d  by t h e  e l e c t r o -  
n i c  s t r u c t u r e  i s  abso rbed  by me l t ing  of  t h e  f u s i b l e  m a t e r i a l  and by t h e  
t e m p e r a t u r e  r i s e  of t h e  melted m a t e r i a l .  
p l e t e l y  p a s s i v e ,  z e r o - g r a v i t y ,  h e a t  a b s o r b i n g  c a p a b i l i t y  of t h e  f o u r  s e l e c t e d  
p a r a f f i n s  c o n s i d e r i n g  b o t h  t h e  thermal i n s u l a t i n g  e f f e c t  of t h e  l i q u i d  l a y e r  
b u i l d u p  and i t s  v a r y i n g  thermophysical p r o p e r t i e s .  
s i s  are p r e s e n t e d  by c h a r t s  and graphs s u i t a b l e  f o r  system d e s i g n .  
T h i s  a n a l y s i s  p r e d i c t s  t h e  com- 
The r e s u l t s  of  t h i s  analy-  
The second model ana lyzed  i s  a r a d i a t i n g  f i n  w i t h  a t t a c h e d  f u s i b l e  m a t e r i a l .  
The f u s i b l e  material i n c r e a s e s  t h e  the rma l  i n e r t i a  of t h e  r a d i a t o r  by m e l t -  
i n g  and a b s o r b i n g  h e a t  d u r i n g  peak load c o n d i t i o n s  and by s o l i d i f y i n g  and 
e m i t t i n g  h e a t  d u r i n g  low ( o r  z e r o )  load c o n d i t i o n s .  T h i s  system was s t u d i e d  
f o r  s e v e r a l  c o n d i t i o n s  u s i n g  Octadecane as t h e  f u s i b l e  material and compared 
t o  t h e  performance of t h e  same 
materia 1. 
r a d i a t i n g  f i n  wi thou t  any a t t a c h e d  f u s i b l e  
The r e s u l t s  show t h a t  f o r  s h o r t  t ime l i m i t e d  h e a t  p u l s e s  t h e  f i n  r o o t  temper- 
a t u r e  r i s e  can be g r e a t l y  reduced by t h e  a t t a c h e d  f u s i b l e  m a t e r i a l .  
a n a l y s i s  a l s o  i n d i c a t e s  t h a t  t h e  hea t  r e j e c t i o n  t e m p e r a t u r e  d u r i n g  t h e  low 
load c o n d i t i o n  must be c o n s i d e r a b l y  below t h e  f u s i b l e  m a t e r i a l  m e l t  p o i n t  i f  
s h o r t  r e s o l i d i f i c a t i o n  t imes are r e q u i r e d .  
The 
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SECTION I 
INTRODUCTION 
Where m i s s i o n s  of l i m i t e d  l e n g t h  a n d / o r  small power d i s s i p a t i o n s  r e s u l t  i n  
t o t a l  mis s ion  h e a t  d i s s i p a t i o n s  i n  t h e  o r d e r  of a f e w  thouaand wat t -minutes ,  
s t o r a g e  of h e a t  by e n t h a l p y  change i n  m a t e r i a l s  provided f o r  absorDt ion  of 
h e a t  can  be t h e  most advantageous method of thermal  c o n t r o l  of t e m p e r a t u r e  
s e n s i t i v e  and h e a t  d i s s i p a t i n g  equipment,  The e n t h a l p y  change of m e l t i n g  and 
s o l i d i f i c a t i o n  of materials t h a t  have  a m e l t  p o i n t  c lose  t o  t h e  d e s i g n  e n v i r o n -  
ments  of e l e c t r o n i c  equipment ( 4 0  t o  150 F) p r o v i d e  a promis ing  approach.  o 
Such material on m e l t i n g  o r  s o l i d i f y i n g  have  e n t h a l p y  changes  i n  t h e  range  of 
100 BTU p e r  pound. They can  b e  a p p l i e d  i n  c lose  c o n t a c t  w i t h  t h e  d e v i c e s  
r e q u i r i n g  t e m p e r a t u r e  c o n t r o l ,  and w i l l  a b s o r b  h e a t  when m e l t i n g  o r  supply 
h e a t  when s o l i d i f y i n g .  They can be used i n  combinat ion w i t h  a r a d i a t o r  as  a 
means f o r  i n c r e a s i n g  thermal  mass and thereby  permi t  r a d i a t o r s  t o  be s i z e d  
f o r  a v e r a g e  r a t h e r  than peak system h e a t  d i s s i p a t i o n .  
When compared t o  h e a t  a b s o r p t i o n  o r  emiss ion  c a p a b i l i t i e s  of s o l i d s ,  r e s u l t i n g  
from t h e  p r o d u c t  of a l l o w a b l e  tempera ture  changes and s p e c i f i c  h e a t ,  they  pro-  
v i d e  approx ima te ly  an o r d e r  of magnitude h i g h e r  c a p a c i t y  f o r  e q u a l  weight .  
When compared w i t h  l i q u i d  t o  vapor  phase ch,anges, l i k e  b o i l i n g  of water t o  t h e  
vacuum of s p a c e ,  s o l i d  t o  l i q u i d  phase changes p r o v i d e  a b o u t  an o r d e r  of 
magni tude  smaller h e a t  c a p a c i t i e s  f o r  e q u a l  material  weight .  But t h e  s i m p l i c i -  
t y  of t h e  s o l i d - l i q u i d  phase  change system which i s  e n t i r e l y  p a s s i v e ,  com- 
p a r e d  w i t h  t h e  c o n t r o l s ,  t a n k  expuls ion  sys tems,  h e a t  exchangers  and miscel-  
l a n e o u s  plumbing of t h e  water b o i l e r  system show a d e f i n i t e  advantage  of t h e  
s o l i d -  l i q u i d  system where t o t a l  t i m e  i n t e g r a t e d  mis s ion  l o a d s  a r e  small. 
Where i t  i s  t h e  purpose  t o  i n c r e a s e  the thermal  mass of  a system, l i q u i d  t o  
v a p o r  phase  change i s  n o t  a p p l i c a b l e .  
t i o n  makes e x p e l l i n g  of t h e  vapor  mandatory. 
of  m e l t i n g  can  b e  accommodated by f l e x i b l e  packaging.  
s o l i d i f i c a t i o n  of a f u s i b l e  material w i t h  an  a p p r o p r i a t e  m e l t i n g  p o i n t  a p p e a r s  
The l a r g e  volume i n c r e a s e  on v a p o r i z a -  
The much smaller volume increase 
Repeated me l t ing  and 
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t o  b e  a v e r y  p r a c t i c a l  way t o  i n c r e a s e  t h e  thermal  mass o r  i n e r t i a  of a system. 
Three  t e c h n i q u e s  u s i n g  t h e  h e a t  of f u s i o n  f o r  t empera tu re  c o n t r o l  of e l ec -  
t r o n i c  equipment are p r e s e n t e d  on F igu re  1. These systems a re  a l l  comple t e ly  
p a s s i v e .  The f i r s t  sys t em ( a ) ,  F i g u r e  1 ,  i s  assumed t o  b e  e s s e n t i a l l y  a d i a -  
b a t i c .  A l l  t h e  waste h e a t  g iven  off by an e l e c t r o n i c  package i s  absorbed by 
m e l t i n g  of t h e  s o l i d  f u s i b l e  material  p l u s  some s e n s i b l e  h e a t  a b s o r p t i o n  by 
t h e  me l t ed  l i q u i d  material .  Systems ( b )  and ( c ) ,  F i g u r e  1, u s e  t h e  h e a t  of 
f u s i o n  and the rma l  r a d i a t i o n  f o r  t empera tu re  c o n t r o l .  The f u s i b l e  material  
mel t s  and supplements  t h e  r a d i a t o r  on ly  d u r i n g  h i g h  equipment h e a t  d i s s i p a -  
t i o n  p e r i o d s  and s o l i d i f i e s  d u r i n g  l o w  h e a t  d i s s i p a t i o n  p e r i o d s .  System ( b )  
h a s  f u s i b l e  material  a t t a c h e d  t o  t h e  r a d i a t o r  f i n  a l l o w i n g  good c o n d u c t i v e  
h e a t  t r a n s f e r  t o  t h e  s u r f a c e s  r a d i a t i n g  t o  space .  T h i s  arrangement  a l l o w s  t h e  
maximum h e a t  r e j e c t i o n  by r a d i a t i n g  d i r e c t l y  from t h e  equipment ,  b u t  d e c r e a s e s  
t h e  t e m p e r a t u r e  p o t e n t i a l  a t  t h e  f i n - f u s i b l e  material  i n t e r f a c e  because of  t h e  
t e m p e r a t u r e  decay a l o n g  t h e  f i n .  
equipment  h e a t  s o u r c e  and t h e  r a d i a t o r .  The h e a t  r e j e c t i o n  by r a d i a t i o n  i s  
l i m i t e d  by t h i s  t e c h n i q u e ,  The r a d i a t o r  w i l l  b e  a t  or  below t h e  f u s i b l e  
material m e l t  t e m p e r a t u r e  u n t i l  a l l  t he  material  i s  me l t ed  and t h e  f u s i b l e  
mater ia l  a c t s  as an i n s u l a t o r  between t h e  h e a t  s o u r c e  and t h e  r a d i a t o r .  The 
a d i a b a t i c  system ( a )  and t h e  r a d i a t i n g  f i n  w i t h  a t t a c h e d  f u s i b l e  mater ia l  ( b ) ,  
F i g u r e  1, were s e l e c t e d  f o r  f u r t h e r  s tudy .  
System ( c )  h a s  f u s i b l e  material between t h e  
I n  o r d e r  t o  p r e d i c t  t h e  performance of t h e s e  two sy.ctemF by a n a l y s i s  and p ro -  
ceed  t o  t h e  d e s i g n ,  development and expe r imen ta l  performance v e r i f i c a t i o n  of 
t h e r m a l  c o n t r o l  packages ,  d a t a  are r e q u i r e d  on s u i t a b l e  materials and t h e i r  
p e r t i n e n t  t he rmophys ica l  p r o p e r t i e s .  The e f f e c t s  of t h e  f o r m a t i o n  of t h e  l a y e r  
of m o l t e n  mater ia l ,  which forms d u r i n g  h e a t  a d d i t i o n ,  on h e a t  t r a n s f e r  can  be  
p r e d i c t e d  by t r a n s i e n t  h e a t  t r a n s f e r  a n a l y s i s .  The a d i a b a t i c  system can be  
r e p r e s e n t e d  by a one-dimensional  a d i a b a t i c  a n a l y t i c a l  m,odel w i t h  h e a t  a p p l i e d  
a t  one  end r e p r e s e n t i n g  t h e  e l ec t ron ic s  equipment.  The r a d i a t i n g  f i n  w i t h  a t -  
t a c h e d  f u s i b l e  mater ia l  system i s  r e p r e s e n t e d  by a t w o  dimension a n a l y t i c a l  
model w i t h  h e a t  a p p l i e d  a t  t h e  f i n  r o o t .  
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A l l  o f  equipment waste h e a t  absorbed  by 
m e l t i n g  f u s i b l e  material  ( a t  c o n s t a n t  
t empera tu re  o f  f u s i o n  and ze ro  h e a t  
exchange w i t h  envi ronment ) .  F u s i b l e  
m a t e r i a l  s e l e c t e d  s o  t h a t  i t s  m e l t i n g  
p o i n t  i s  below t h e  equipment t empera tu re  
( i.0. HEAT DISSIPATION l i m i t .  
PLATE 1 
Radia to r  acts as a t h e r m a l l y  conduc t ive  
f i n .  A d d i t i o n  of  f u s i b l e  m a t e r i a l  ( i n c r e a s e d  
thermal  mass), c o n t r o l s  t h e  t empera tu re  
of t he  equipment by m e l t i n g  d u r i n g  h i g h  
equipment h e a t  l o a d s  and s o l i d i f y i n g  d u r i n g  
( b )  
FUSIBLE MATERIAL low equipment h e a t  l oads .  
Same a s  above c o n f i g u r a t i o n  excep t  t h a t  
r a d i a t o r  s i z e  e q u a l s  equipment co ld  p l a t e .  T FUS'BLE MATER'AL ( C )  
Heat must p a s s  through f u s i b l e  m a t e r i a l .  
The u s e f u l  amount o f  f u s i b l e  material i s  
l i m i t e d  by t h e  t r a d e - o f f  between t h e  
amount of h e a t  absorbed  by t h e  f u s i b l e  
m a t e r i a l  and t h e  r a d i a t o r  e f f e c t i v e n e s s  
drop a c r o s s  t h e  f u s i b l e  material. 
RAD1 ATOR 
which i s  reduced  due t o  t h e  t empera tu re  * -  
FIGURE 1 TYPICAL APPLICATIONS OF FUSIBLE MATERIALS FOR THERMAL CONTROL 
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NORTHROP SPACE LABORATORIES 
SECTION I1 
LITERATURE SEARCH AND MATERIAL SELECTION 
A l i t e r a t u r e  s e a r c h  was conducted t o  i d e n t i f y  m a t e r i a l s  w i t h  m e l t i n g  p o i n t s  
i n  t h e  o p e r a t i o n a l  t empera tu re  range  of  e l e c t r o n i c  equipment (Tab le  1) and t o  
r ev iew p r e v i o u s  e f f o r t s  i n  t h i s  a r e a  (Reference  5 and 7 ) .  
The s e l e c t e d  m e l t i n g  t empera tu re  range of  t h i s  s t u d y  was 40°F t o  150°F which 
c o v e r s  t he .  r ange  of  h e a t  r e j e c t i o n  t empera tu res  r e q u i r e d  f o r  most o f  t h e  
e l e c t r o n i c  and e l e c t r i c a l  equipment used i n  s a t e l l i t e s  and space  v e h i c l e s .  
M a t e r i a l s  w i t h  a h e a t  o f  f u s i o n  less t h a n  80 BTU/lb were n o t  c o n s i d e r e d  t o  be 
o f  i n t e r e s t  f o r  t h i s  s tudy.  T h i s  l i m i t  o f  h e a t  abso rb ing  c a p a b i l i t y  l i m i t e d  
t h e  m a t e r i a l s  t o  be  sc reened  t o  a r easonab le  number. Also d e l e t e d  were m a t e r i a l s  
t h a t  were obv ious ly  n o t  p r a c t i c a l  f o r  an  e n g i n e e r i n g  a p p l i c a t i o n  because t h e y  
were e x p l o s i v e ,  ex t r eme ly  c o r r o s i v e ,  o r  me l t ed  o n l y  a t  ex t reme p r e s s u r e ,  e t c .  
T a b l e  1 i s  t h e  l i s t  of  materials t h a t  r e s u l t e d  from t h e  l i t e r a t u r e  s e a r c h  and 
p r e l i m i n a r y  material sc reen ing .  
The m a t e r i a l s  f i n a l l y  s e l e c t e d  from t h i s  l i s t  a s  most a p p l i c a b l e  f o r  t h i s  
t e m p e r a t u r e  c o n t r o l  t echn ique  were t h e  normal p a r a f f i n s  c o n t a i n i n g  from 
f o u r t e e n  (14) t o  t h i r t y  (30) carbon atoms. Two ( 2 )  o t h e r  m a t e r i a l s  ( f o r m i c  
a c i d  and camphene) were i n v e s t i g a t e d ,  bu t  d i s c a r d e d  when t e s t s  showed t h a t  
t h e y  had  u n d e s i r a b l e  c h a r a c t e r i s t i c s .  Formic a c i d  supe rcoo led  and i s  t o x i c  
and c o r r o s i v e .  Camphene cannot  be r e a d i l y  p u r i f i e d .  The re fo re  i t  has  a wide 
r ange  of  m e l t i n g  t e m p e r a t u r e  and shows e r r a t i c  behavior  i n  t h e  s o l i d  phase.  
The m e l t  and c r y s t a l l i n e  phase  t r a n s i t i o n  p o i n t s ,  and t h e  h e a t  o f  f u s i o n  
( i n c l u d i n g  t h e  h e a t  o f  c r y s t a l l i n e  phase t r a n s i t i o n  where a p p l i c a b l e  and 
i n d i c a t e d  by a t r a n s i t i o n  tempera ture  p o i n t )  f o r  t h e  s e l e c t e d  p a r a f f i n s  w i t h  
even  and  odd number of  carbon atoms a r e  p r e s e n t e d  i n  F i g u r e s  2 and 3 , ( R e f e r -  
e n c e s  2 ,  4 EX 6 )  The even p a r a f f i n s  show t h e  b e t t e r  p o t e n t i a l  f o r  t h i s  
a p p l i c a t i o n .  I n  t h e  t empera tu re  range of  i n t e r e s t ,  t h e  p a r a f f i n s  w i t h  an 
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I 
I 
I 
I 
I 
- 
NO. 
- 
1. 
2. 
3 .  
4. 
5.  
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13 
14. 
15. 
16. 
17. 
18. 
19. - 
TABLE 1 
FUSIBLE MATERIALS WITH A HEAT OF FUSION GREATER THAN 80 BTU/LB LISTED I N  
ORDER OF INCREASING MELT TEMPERATURE, FROM 40 TO 150°F 
MATERIAL -FORMULA 
Tet radecane  C14H30 
Formic Acid HCOOH 
Pentadecane C15H32 
M y r i s t i c  Acid E thy l  Ester  CH3(CH2)12COOC2H5 
Acet ic  Acid CH3C02H 
Hexadecane C16H34 
Li thium Chlo r ide  E thano l a t e  L i  C 1 * 4C2H60 
n-Heptadecane C 
d-Lact ic  Acid CH3CHOHCOOH 
Octadecane C18H38 
13-Methyl Pentacosane  C26H54 
Methyl P a l m i t a t e  C17H3402 
No no decane C 9H40 
2-Dime thy1  -n- do co sane  C24H50 
E icosane  C20H42 
1 -Tet radecanol  CH3(CH2) 12CH20H 
Camphenilone C H 
Capry lone ( CH3 ( CH2) 6)  2 C 0  
Docosyl Bromide C22H45BR 
1 7H36 
9 14' 
MELT PT. 
OF 
42 
46 
50 
51 
62 
64  
69 
7 1  
79 
82 
8 4  
8 4  
90 
95 
98  
100 
10 2 
10 4 
10 4 
HEAT OF 
FUSION 
BTU/LB 
98  
10 6 
89 
80 
80 
102 
80 
9 2  
80 
105 
84  
88 
95 
85 
106 
99 
88 
111 
87 
REF. 
2 
3 
4 
5 
3 
2 
5 
4 
5 
6 
5 
5 
4 
6 
2 
5 
5 
5 
5 
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1 
b 
I 
I 
- 
NO. 
- 
20 . 
21. 
22 . 
23 . 
24. 
25. 
26 e 
27 
28. 
29. 
30 . 
31. 
32. 
33. 
3 4. 
35. 
36. 
37. 
- 
TABLE 1 (Continued) 
FUSIBLE MATERIALS WITH A HEAT OF FUSION GREATER THAN 80 BTU/LB LISTED I N  
ORDER OF INCREASING MELT TEMPERATURE, FROM 40 t o  150°F 
MATERIAL-FORMULA 
Henei co s ane  C 1H44 
7-Heptadecanone C H 0 17 34  
l -Cyclohexyloctadecane C24H48 
4-Heptadecanone C17H340 
8-Heptadecanone C17H340 
Cyanamide CH2N2 
2 2H 46 Docosane C 
Methyl E icosana te  C21H4202 
Tr i cosane  C23H48 
3-Heptadecanone C17H340 
2-Eptadecanone C1 7H340 
Camphene C 
9-Heptadecanone C H 0 
Te t r acosane  C24H50 
E l a i d i c  Acid C18H3402 
Methyl Behenate C24H4602 
Pentacosane C25H52 
E thy l  L ignoce ra t e  C26H5202 
10H16 
17 3 4  
MELT PT. 
OF 
10 5 
10 5 
10 6 
10 6 
10 7 
111 
112 
113 
117 
118 
119 
122 
123 
124 
124 
126 
129 
129 
HEAT OF 
FUSION 
BTU/LB 
92 
86 
9 4  
85  
8 7  
90 
10 7 
98  
100 
93 
93 
10 3 
91 
109 
94  
100 
LO 2 
93 
- 
REF. 
- 
4 
5 
5 
5 
3 
1 
4 
5 
4 
5 
5 
1 
5 
4 
1 
5 
4 
5 
- 
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I 
1 
- 
NO 
- 
38 
39 b 
40. 
41 
42 
43 b 
44 b 
45. 
46. 
47. 
- 
TABLE 1 (Continued) 
FUSIBLE MATERIALS WITH A HEAT OF FUSION GREATER THAN 80 BTU/LB LISTED I N  
ORDER OF INCREASING MELT TEMPERATURE, FROM 40 TO 150'F 
MATERIAL -FORMULA 
Hypo Phosphoric Acid H,,+P2O6 
n-Hexacosane C 
T r i m y r i s t i n  (C13H27C00>3C3H3 
26'54 
M y r i s t i c  Acid C13H27COOH 
Hep t aco sane C 2  7H 56 
E thy l  C e r o t a t e  C28H5602 
Octacosane C28H58 
Nonacosane C29H60 
S t e a r i c  Acid C17H35C02H 
Tr i acon tane  C 30'62 
vlELT PT. 
O F  
13 1 
133 
9 1  
135 
135 
138 
140 
142 
147 
148 
150 
HEAT OF 
FUSION 
BTU/LB 
92 
110 
87 
91 
86 
10 1 
96 
109 
10 3 
86 
108 
- 
REF. 
- 
5 
4 
5 
5 
4 
5 
4 
4 
3 
4 
- 
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FIGURE 2 - MELT AND TRANSITION TEMPERATURE OF NORMAL PARAFFINS (CnH2n ,+ 1 
FROM C14 TO C30 I N  AIR AT 1 ATMOSPHERE 
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FIGURE 3 0 HEAT OF F'USION AND TRANSITION OF NORMAL PARAFFINS (CnHZn + 1 
To '30 FROM CI4 
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even number o f  carbon atoms have h i g h e r  h e a t s  of  f u s i o n  and t h e i r  t r a n s i t i o n  
tempera ture  i s  c l o s e r  t o  t h e i r  me l t  po in t .  
Formula 
F ive  ( 5 )  of t h e  even p a r a f f i n s  shown i n  Tab le  2 a r e  commercial ly  a v a i l a b l e  
from l a b o r a t o r y  chemical  s u p p l i e r s .  
Melt Po in t  OF Approximate Price 
(An i n d i c a t i o n  f o r  Small  Lo t s  
of p u r i t y )  $ /Lb 
TABLE 2 
COMMERCIALLY AVAILABLE NORMAL PARAFFINS 
n - P a r a f f i n  
T e t  radecane  
Hexadecane 
0 c t  adecane 
E i  co sane  
0 c t aco sane  
35  - 39 
62 - 64 
81  - 84  
97 - 100 
140 - 142 
13 
13 
13 
80 
200 
Four  o f  t h e s e  m a t e r i a l s ,  C14’ C16’ C18’ and C 
e v a l u a t i o n  and exper iment  v e r i f i c a t i o n  o f  t h e i r  e f f e c t i v e n e s s  a s  f u s i b l e  
materials f o r  t empera tu re  c o n t r o l .  
were s e l e c t e d  f o r  a n a l y t i c a l  20 
P r o p e r t i e s  o f  S e l e c t e d  Materials 
The s e l e c t e d  normal p a r a f f i n s  have many d e s i r a b l e  p r o p e r t i e s  when compared 
w i t h  o t h e r  materials i n  t h e  s p e c i f i e d  m e l t i n g  t empera tu re  range .  
o t h e r  m a t e r i a l s ,  a r e l a t i v e l y  l a r g e  amount of expe r imen ta l ly  determined d a t a  
of t h e i r  l i q u i d  phase  thermophys ica l  p r o p e r t i e s  has  been pub l i shed .  The s o l i d  
phase  thermophys ica l  p r o p e r t i e s  of m o s t  of t h e  m a t e r i a l s  i n  Tab le  1, i n c l u d i n g  
t h e  p a r a f f i n s  could  n o t  be  found i n  t h e  l i t e r a t u r e .  
e s s e n t i a l l y  chemica l ly  i n e r t .  
Compared t o  
The p a r a f f i n s  a r e  
A d e f i n i t e  advantage  of  t h e  normal p a r a f f i n s  i s  t h e  p r e d i c t a b i l i t y  of t h e i r  
chemica l  and thermophys ica l  behavior .  The number o f  carbon atoms ( o r  molecular  
w e i g h t )  and t h e  c r i t i c a l  t empera tu re  a re  common parameters  used  i n  t h e  l i t e r a t u r e  
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t o  e m p i r i c a l l y  d e f i n e  t h e  thermodynamic p r o p e r t i e s  of  hydrocarbons.  The 
c o n s i s t e n c y  o f  t h e  p r o p e r t i e s  o f  t h e  l i q u i d  normal p a r a f f i n s  appea r s  ve ry  good, 
a p p a r e n t l y  due t o  t h e i r  s imi l a r  molecular  s t r u c t u r e .  
The the rmophys ica l  p r o p e r t i e s  o f  t h e  s e l e c t e d  m a t e r i a l s  r e q u i r e d  f o r  t h e  
a n a l y t i c a l  e v a l u a t i o n  ( l i q u i d  thermal  c o n d u c t i v i t y ,  s p e c i f i c  h e a t  and d e n s i t y )  
a re  p r e s e n t e d  i n  F i g u r e s  4 through 15. 
4 through 7 and t h e  vapor  p r e s s u r e ,  F igu re  17,  are d a t a  r e q u i r e d  f o r  t he rma l  
c o n t r o l  package des ign .  The the rma l  c o n d u c t i v i t y  o f  l i q u i d  e i c o s a n e  o r  any 
normal p a r a f f i n  of  h i g h e r  m o l e c u l a r  weight c o u l d  n o t  be found i n  t h e  l i t e r a t u r e ,  
A c o r r e l a t i o n  o f  thermal  c o n d u c t i v i t y  da t a  f o r  C 
F i g u r e  16 as a f u n c t i o n  of  t h e  number of carbon atoms and e x t r a p o l a t e d  t o  
C20H42, e i c o s a n e .  
t h e  t h e r m a l  c o n d u c t i v i t y  o f  e i cosane .  The a u t h o r s  s t a t e d  t h a t  t h e i r  method 
w a s  good f o r  hydrocarbons  up t o  18 carbon atoms. The r eason  f o r  t h i s  
s t a t e m e n t  c o u l d  be t h a t  t h e  l o n g e s t  cha in  m a t e r i a l  t e s t e d  was oc t adecane  
C18H38' 
The s o l i d  d e n s i t i e s  i n c l u d e d  on  F i g u r e s  
t o  C18H38 i s  p r e s e n t e d  i n  1 4H30 
A method p r e s e n t e d  i n  Re fe rence  8 was a l s o  used  t o  p r e d i c t  
E i c o s a n e f s  c r i t i c a l  t empera tu re  i s  r e q u i r e d  f o r  t h i s  second method (Refe rence  
8) and was e s t i m a t e d  a t  925OF from a c o r r e l a t i o n  p r e s e n t e d  i n  Reference  17.  
The t h e r m a l  c o n d u c t i v i t y  o f  e i c o s a n e  ob ta ined  by t h e  two methods a r e  p r e s e n t e d  
on F i g u r e  15. The r e s u l t s  a r e  i n  good agreement w i t h  an approximate v a r i a t i o n  
o f  3%. 
p lanned ,  b u t  h a s  n o t  been completed.  
Exper imenta l  v e r i f i c a t i o n  of t h e  the rma l  c o n d u c t i v i t y  of  e i c o s a n e  i s  
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SECTION 111 
EXPERIMENTAL DETERMINATION OF PROPERTIES 
This experimental program had two major objectives: 
1. To determine if a tentatively selected fusible material was suitable 
for use in the application of temperature control of space vehicle 
subsystems. 
2.  To measure the thermophysical properties of selected materials re- 
quired for the thermal analysis or system design but not available in 
the literature or not predictable by analytical methods. 
The solid and liquid densities of the selected materials were measured and the 
melting and solidification temperature data given in the literature verified. 
Experimental Verification of Material Selection 
Two of the initially selected fusible materials, camphene and formic acid, 
were discarded after experiments showed some undesirable properties. They 
were replaced by two normal paraffins, tetradecane and eicosane, which showed 
more desirable properties. 
materials was a drastic super-cooling effect with formic acid and the erratic 
behavior of camphene in the solid phase. 
The reasons for the discontinuation of these 
During the series of tests on camphene the measured melting temperature varied 
from 105-115'F for samples from the same batch of material. When solidifying, 
camphene appeared to segregate into more than one crystalline form. 
gassed upon melting even after being heated to near boiling for two hours, and 
held under a vacuum to remove dissolved air. It was concluded that the com- 
mercially available compound is probably the racemic mixture dl-camphene plus 
other impurities, with thermo physical properties depending on the composition. 
This was also indicated by the wide melt point range, (Table 3 )  given by the 
suppliers. 
It also out- 
NSL 65-16 
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Table 3 
c 
i 
c 
I  
r 
t 
I 
a 
Comparison of Fusion Properties of Selected Materials 
The experiments on tormic acid showed that it super cooled below the melt tem- 
perature. This phenomenon was investigated by cooling the acid in a graduated 
cylinder slowly below its melting point, while continuously monitoring its tem- 
perature. It would supercool to a temperature range of 33OF-35OF before the 
material solidified. After solidification, the solid material would cool in a 
linear fashion. No further work on how this super cooling effect can be avoided 
was performed. The formic acid melted at 47°F. 
The tests performed on paraffinic hydrocarbons (hexadecane and octadecane) 
showed that they behave dependably. 
to be desirable choices. 
Additional members of this family appeared 
NSL 65-16 
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Two normal p a r a f f i n s  t h a t  have d e s i r a b l e  thermophys ica l  p r o p e r t i e s  c l o s e  t o  
t h o s e  of  fo rmic  a c i d  HCOOH and camphene C 10H16 a r e  t e t r a d e c a n e  C 14H30 and e i c o s a n e  
C20H42 a s  shown i n  Tab le  3 .  
a n a l y s i s  f o r  t h e s e  m a t e r i a l s  and n o t  a v a i l a b l e  i n  t h e  l i t e r a t u r e  i s  t h e  thermal  
c o n d u c t i v i t y  of  l i q u i d  e i cosane .  
due t o  t h e  f ami ly  b e h a v i o r  of  t h e  normal p a r a f f i n s ,  a n a l y t i c a l  p r e d i c t i o n  o f  t h e  
the rma l  c o n d u c t i v i t y  of  e i c o s a n e  shou ld  b e  r e l i a b l e .  Another  advantage  o f  t h e s e  
p a r a f f i n s  when compared w i t h  fo rmic  a c i d  and camphene a r e  t h e i r  l o w  vapor  p r e s -  
s u r e s ,  F i g u r e  17. T h i s  minimizes  t h e  c o n t a i n e r  des ign  problem. 
The o n l y  da t a  r e q u i r e d  t o  per form t h e  thermal  
T h i s  was e q u a l l y  t r u e  o f  camphene. However, 
Me l t ing  and  S o l i d i f i c a t i o n  P o i n t  
The m e l t i n g  p o i n t s  o f  t h e  f o u r  p a r a f f i n  m a t e r i a l s  w e r e  checked u s i n g  m e l t i n g  
p o i n t  c a p i l l a r y  t u b e s  immersed i n  a c o n s t a n t  t empera tu re  b a t h .  The obse rved  
v a r i a t i o n  o f  t h e  m e l t  p o i n t  of  t h e  f o u r  normal p a r a f f i n s  d u r i n g  t e s t i n g  was l e s s  
t h a n  1 d e g r e e  F. Observed d i f f e r e n c e s  between s o l i d i f i c a t i o n  p o i n t  and me l t  
p o i n t  w e r e  a l s o  less t h a n  1 degree  F f o r  t h e  p a r a f f i n s ,  i n d i c a t i n g  absence  o f  
any s i g n i f i c a n t  s u p e r c o o l i n g  e f f e c t s .  The d a t a  f o r  camphene and fo rmic  a c i d  
were d i s c u s s e d  i n  t h e  p reced ing  s e c t i o n s .  Tab le  3 p r e s e n t s  t h e  m e l t  p o i n t s  ob- 
s e r v e d ,  t h o s e  p r e s e n t e d  i n  t h e  l i t e r a t u r e  and t h e  v a l u e s  i n d i c a t e d  by t h e  s u p p l i e r  
f o r  t h e  s e l e c t e d  p a r a f f i n s ,  camphene *lid f c z . i c  Z C ! ~ :  
Dens it y Measurement s 
The d e n s i t y  of  t e t r a d e c a n e ,  hexadecane,  oc t adecane  and e i c o s a n e  were measured 
i n  bo th  t h e  l i q u i d  and s o l i d  s t a t e .  The t e s t  r e s u l t s  a r e  p r e s e n t e d  on Table  4 
and 5 r e s p e c t i v e l y  and on F i g u r e s  4 through 7. Also i n c l u d e d  on T a b l e s  4 and 5 
a r e  some d e n s i t y  r e s u l t s  f o r  camphene and fo rmic  ac id .  
The l i q u i d  d e n s i t y  measurements were made u s i n g  s t a n d a r d  d e n s i t y  d e t e r m i n a t i o n  
methods w i t h  a Re i schaue r  pycnometer.  
ments  w a s  - 0.002 g/ml. The l i q u i d  d e n s i t y  measured v a r i e s  l i n e a r l y  a s  a func-  
t i o n  o f  t e m p e r a t u r e  from j u s t  above the  m e l t i n g  p o i n t s ,  t o  t h e  150 degree  F 
range .  
l i t e r a t u r e .  
The e s t i m a t e d  p r e c i s i o n  of  t h e s e  measure-  
+ 
The r e s u l t s  a r e  i n  good agreement w i t h  t h e  d a t a  a v a i l a b l e  i n  t h e  
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Temp. 
(OF) 
, 
40 
50 
60 
62 
70 
^ ^  
o w  
90 
100 
110 
120 
130 
140 
150 
! 
Formic Acid 
HCOOH 
1.237’k 
1.220 
1 ?nn 
1.202 
1.194 
1.187 
1.181 
- _  
TABLE 4 
RESULTS OF DENSITY MEASUREMENT 
OF L I Q U I D  FUSIBLE MATERIAL 
(gm/ml) 
Camp h en  e 
‘10H16 
.849 
,844  
.8& 
Tet radecane  
c14H30 
.771 
.767 
.763 
.759 
.755 
.751 
.747 
.744 
.740 
.736 
Hexadecane 
C16H34 
.776 
773 
769 
,766 
.762 
.758 
.754 
~- 
Octadecane I E icosane  
.774 
. 7 7 1  
.767 
.763 
.759 
.755 
,780 
.776 
.772 
,768 
.765 
.761 
;?supercooled l i q u i d  
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TABLE 5 
RESULTS O F  DENSITY MEASUREMENT 
OF S O L I D  FUSIBLE MATERIAL 
( gm/ml) 
I  
i 
I 
c 
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The solid density measurements were obtained with a modified Reischauer pycno- 
meter method after more standard test methods proved unsatisfactory, 
attempts at the flotation method and at the technique of weighing pressed pel- 
lets proved unreliable. 
solid density measurements of the normal paraffins were the tendency for the 
materials to either trap or dissolve air or to flfunnellf during solidification, 
leaving voids in the solid mass. These difficulties were circumvented by add- 
ing the liquid material slowly to the pycnometer while slowly lowering the 
pycnometer into a constant temperature bath kept at the desired temperature 
of the solid density measurement. This method assured solidification of the 
liquid layer on the surface of a solid phase already at the desired tempera- 
ture for the density measurement. Prior to use in the experiment, the liquid 
- + m - i n l  had been placed in a bell jar and a vacuum applied to "degas1' any 
dissolved air. This combination of techniques ensurea a C W L I L ~ ~ ~ ~  L"::? ::= i n  
the pycnometer which was free of voids and dissolved air. 
staking care used in laying down a compact mass of material in the pycnometer, 
the density values obtained showed a wide variation. This effect seemed to be 
most pronounced in the temperature range just below the melting points of the 
respective paraffins. After many repeated trials in a very narrow temperature 
range, it became apparent that these results were due to the properties of the 
materials themselves rather than to faulty experimental technique. 
Several 
The apparent major difficulties encountered in the 
Despite the pain- 
A subsequent referral to chemical literature pertaining to the thermophysical 
properties of the n-paraffinic hydrocarbons indicated that the long chain 
paraffins possess a solid to solid transition point close to the melt temp- 
erature. This transition point is the temperature at which the hydrocarbon 
passes between two different crystal structures in the solid phase, However, 
for even number of carbon atom paraffins, the transition point appears to ap- 
proach the melt temperature with decreasing carbon atoms. 
At C20H42 the transition point practically coincides with the melting point, 
Reference 4 .  This would indicate that the selected materials C14H30 to C20H42  
NSL 65-16 
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do not have a high temperature solid transition, and that the measured density 
variations are due to impurities. 
Since the solid density values were needed primarily for temperature control 
package design information, the values obtained were considered of adequate 
accuracy and further detailed investigation did not appear justified. The es- 
timated precision of the solid density measurements is - 0.02 g/ml. No inform- 
ation on the solid densities of these hydrocarbons could be found in the lit- 
erature for comparison, as was the case with some of the liquid density measure 
ment results. 
+ 
Measurements of Thermal Conductivity of Liquids 
An apparatus for measuring the thermal conductivity of liquids was selected 
=--- c  -_. DnFerenre 18 and is shown in Figure 18. Reported agreement between known 
and measured values of thermal conductivity of some common i i q u i d ~  L,,~:::ZC 
that this method of determining thermal conductivities is reliable. Tests f o r  
verification of the thermal conductivity (k) of liquid eicosane have not been 
performed at this time. 
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Pyrex  Glass Tube 
(Corning  7740) 
of Known Composi t ion 
and H i s t o r y  
- - 1  + n c  T, 
3.d- t  - 0 " -  -__ 
(Measured t o  
i ,01 In .  P r i o r  
t o  Tube Assem.) 
A l l  Leads 
.025 I n .  Dia. P la t inum Wire 
1.5 t o  2.0 I n c h e s  Long 
Co i l  S p r i n g  Made From 
.018 I n .  Dia. P la t inum Wire 
I I- 
I .D. = .4322 In.  ( 1 . 1 C m )  2 .0002 I n .  
Nominal Thickness  ( t )  
+ = -047 I n .  (.1Cm) 2 .004 I n .  
( I .D.  & O.D. Measured ana  K ~ C W L & <  
a t  (3 )  P l a c e s ,  Tube Cen te r  and 
I ll 
I /I 
1.5 I n , )  
.002-.0035 (40-44 Gage) P la t inum 
Wire, -I Located  a t  - -  Tube $ f .02 In.  
S i  l v e r  So lde red  
S e a l e d  Ends 
Glass N i p p l e  ( 2 ) ,  Top and 
Bottom, f o r  S t a n d a r d  t I n .  
Lab Hose 
FIGURE 18 - CELL FOR MEASURING THERMAL CONDUCTIVITY OF LIQUIDS 
Connect ion(  s)  
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SECTION I V  
THERMAL ANALYSIS 
The performance a n a l y s i s  o f  t h e  two methods of  t empera tu re  c o n t r o l  u s i n g  
f u s i b l e  m a t e r i a l  was conducted on a high speed d i g i t a l  computer. The b a s i c  
computer program and a n a l y t i c a l  method used  i n  t h e  a n a l y s i s  a r e  d i s c u s s e d  
under  t h e  head ing  "Trans i en t  Thermal Ana lys i s  Technique".  The a n a l y t i c a l  
models ,  p r e l i m i n a r y  a n a l y s i s ,  boundary c o n d i t i o n s  and  assumpt ions  a r e  d e s c r i b e d  
under  t h e  head ing  ! !Analy t ica l  Models and P r e l i m i n a r y  Analysis ' ! .  The r e s u l t s  o f  
t h e  a n a l y s i s  a r e  p r e s e n t e d  g r a p h i c a l l y  and d i s c u s s e d  under  t h e  heading  "Pe r fo r -  
mance of  Tempera ture  Con t ro l  Systems'!. 
T r a n s i e n t  Thermal A n a l y s i s  Techniques  
Tho +rDnsiPnt.  thermal  a n a l y s i s  f o r  t h e  two t e m p e r a t u r e  c o n t r o l  sys tems s t u d i e s  
were per formed on t h e  IBM 7090 d i g i t a l  computer w i t h  a mod i f i ed  YHAKh lnermai  
Network Analyzer  Program, Refe rence  19. This  program produces a t empera tu re  
h i s t o r y  f o r  a p h y s i c a l  sys tem which has ,  th rough t h e  concept  of  lumped pa rame te r s ,  
been e x p r e s s e d  a s  a f i n i t e  d i f f e r e n c e  e l e c t r i c a l  ana log  of t h e  h e a t  t r a n s f e r  
problem. 
c a p a c i t a n c e  network w i t h  t h e  c a p a b i l i t y  of  h e a t  i n p u t  a t  any of  t h e  d i s c r e t e  
llnodesll i n  t h e  network. A s o l u t i o n  f o r  t h e  t e m p e r a t u r e  a t  a l l  nodes i s  c a l c u -  
l a t e d  a t  t h e  end o f  each  o f  a ser ies  of f i n i t e  t i m e  s t e p s d o .  
which i s  s o l v e d  f o r  t h e  t empera tu re  a t  zach node a t  t i m e  8 + A @  i s :  
The p h y s i c a l  pa rame te r s  a r e  r e p r e s e n t e d  by a thermal  r e s i s t a n c e - t h e r m a l  
The h e a t  ba l ance  
T 8 + A e  , i = "(xj Ci R i j  + Qi 
where : 
- 
B f A 8 , i  T t h e  t empera tu re  o f  node i a t  t i m t  8 + A 8  
t h e  t empera tu re  o f  node i a t  t ime 8 
t i m e  increment  
t h e  c a p a c i t a n c e  of  node i 
summation o v e r  a l l  nodes connec ted  by a r e s i s t o r  t o  node i 
NSL 65-16 
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R 
Qi 
= t h e  r e s i s t a n c e  between node i and any connec ted  node j 
= t h e  h e a t  r a t e  i n t o  node i from s o u r c e s  o t h e r  t h a n  conduc t ion ,  
i j  
convec t ion  o r  r a d i a t i o n  from ne ighbor ing  nodes 
I f  t h e  c a p a c i t a n c e  v a l u e  C i 
- 
T0 + A e , i  
When any node l l i ' 1  h a s  phase  
i s  z e r o ,  t h e  e x p r e s s i o n  s o l v e d  i s :  
i .. 
t r a n s i t i o n  c a p a b i l i t y ,  program c o n t r o l  i s  t r a n s -  
f e r r e d  t o  t h e  Latent Heat  Subrou t ine  a f t e r  t h e  t empera tu re  of a l l  t h e  nodes i n  
t h e  ne twork  have been c a l c u l a t e d  a t  time 8 + A 8  . 
The L a t e n t  Heat S u b r o u t i n e  computes t n e  pnaae LLallal:l:, 1'cz+ h21 anrp i n  t h e  
f o l l o w i n g  manner. A l l  t h e  r e q u i r e d  parameters  from t h e  p r e v i o u s  c a l c u l a t i o n  
i n t e r v a l  ( e )  a r e  saved  by t h e  main program o r  t h e  L a t e n t  Heat  Subrou t ine .  The 
t e m p e r a t u r e s  a t  t ime (8) and (0 + h e )  are  compared w i t h  t h e  nodes phase 
t r a n s i t i o n  t e m p e r a t u r e s  ( m e l t i n g  T and b o i l i n g  T2).  When t h e  p r e v i o u s  
t e m p e r a t u r e  (T ) i s  n o t  e q u a l  t o  t h e  phase t r a n s i t i o n  p o i n t  (T1 o r  T 2 )  and t h e  
t e m p e r a t u r e  change c a l c u l a t e d  i n  t h e  main program (To - To + A e  ) h a s  n o t  pas sed  
th rough  a phase t r a n s i t i o n  p o i n t , t h e  node t empera tu re  remains T 
i n  t h e  main program. 
(T1 o r  T ) o r  s tar ts  phase  t r a n s i t i o n :  
1 
e 
as c a l c u l a t e d  0 +A0 
When t h e  node was a t  a phase t r a n s i t i o n  t empera tu re  
2 
Te > T o r  T2 f o r  T < T o r  T 2  + A 8 -  1 e -  1 
or: 
< T1 o r  T f o r  T > T o r  T2 t A 8  - 2 e -  1 
The t o t a l  h e a t  f l u x  (i.) t o  t h e  node du r ing  t r a n s i t i o n  i s  c a l c u l a t e d :  
I 1 \ 
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where : 
Aq. = t h e  h e a t  f l u x  t o  node i during t r a n s i t i o n  p r i o r  t o  t ime ( 8 + A 0  >; 
1 e q u a l  t o  z e r o  i f  t h e  node was n o t  i n  phase  change a t  t ime (8 1. 
The h e a t  f l u x  9i i s  then  compared t o  t h e  n o d e ' s  l a t e n t  h e a t  
t i v e  t r a n s i t i o n  mode ( m e l t i n g  o r  b o i l i n g ) .  When t h e  h e a t  f l u x  qi - i s  n o t  
s u f f i c i e n t  f o r  phase  change, t h e  node t empera tu re  a t  t ime 8 + A 8  i s  s e t  equal  
t o  t h e  t r a n s i t i o n  t e m p e r a t u r e  and 
Hl of t h e  r e spec -  
Aqi i s  set  e q u a l  t o  { When t h e  h e a t  f l u x  i' 
q .  i s  g r e a t e r  t h a n  t h e  l a t e n t  h e a t  r e q u i r e d  f o r  t r a n s i t i o n ,  a new t empera tu re  1-11 
f o r  t i m e  ( 8 + A 8  ) i s  c a l c u l a t e d :  
where : 
2 T = T  o r T  T 1 
The node t empera tu re  i s  i n c r e a s e d  o r  dec reased  depending c n  t h e  s i g n  of t h e  
t o t a l  h e a t  f l u x  qi. 
- 
T h i s  s u b r o u t i n e  was mod i f i ed  from t h e  SHARE Program, Refe rence  19,  which d i d  no t  
a l l o w  f o r  s e n s i b l e  t e m p e r a t u r e  r ise  a t  t h e  c a l c u l a t i o n  t ime i n t e r v a l  when a node 
passed  th rough  t h e  t r a n s i t i o n  phase  (Equat ion  4) .  
m o d i f i e d  so t h a t  t h e  p a r t i a l  h e a t  of  t r a n s i t i o n  
change o f  d i r e c t i o n  i n  phase  t r a n s i t i o n .  
The SHARE r o u t i n e  was a l s o  
was accounted  f o r  w i t h  a 
- 
q i  
For  ' thermal  r a d i a t i o n ,  a pseudo r e s i s t a n c e  i s  c a l c u l a t e d  by Equat ion  ( 5 )  and 
used  i n  t h e  same way a s  a s imple  conduc t ive  r e s i s t a n c e  i n  t h e  t empera tu re  
s o l u t i o n ,  Equa t ion  ( 1 ) .  
1 
( 5 )  - 
(T ,  + 459 .6 )2  + (T. + 4 5 9 . 6 ) 2  x T ,  + 459.6 -t T .  + 459,6\ 
i s  i n p u t  d a t a  f o r  computing t h e  r a d i a t i o n  resis t a n c e  between nodes i 
R i j  K~~ { J 1 J I 
where K 
and j.  T and T are i n  deg rees  Fahrenhe i t .  
i j  
i j 
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The t ime i n t e r v a l  u sed  t o  advance t h e  time i n  t h e  t r a n s i e n t  s o l u t i o n  i s  r e l a t e d  
t o  t h e  p h y s i c a l  pa rame te r s  o f  t h e  network. I n  p a r t i c u l a r ,  A 0  must n o t  exceed 
t h e  minimum RC p roduc t  f o r  t h e  network as  t h i s  w i l l  r e su l t  i n  an i n s t a b i l i t y  i n  
t h e  s o l u t i o n  o f  Equa t ion  ( l ) ,  c aus ing  an undamped o s c i l l a t i o n  of t h e  t e m p e r a t u r e s  
f o r  t h o s e  nodes whose RC p roduc t  i s  s m a l l e r  t han  A 6  . 
node i r  i n  t h e  f o r e g o i n g  nomencla ture :  
The RC product  of any 
The SHARE Program w a s  f u r t h e r  mod i f i ed  to  f a c i l i t a t e  usage  a s  a p p l i e d  t o  t h e  
a n a l y t i c a l  model of each of t h e  tempera ture  c o n t r o l  sys tems and t o  conserve  
computer t ime. The m o d i f i c a t i o n s  were e x t e n s i v e  f o r  t h e  f i n  and f u s i b l e  
m a t e r i a l  L W V  dI,,,~;-.:',---l cyqtem which r e q u i r e d  a l a r g e r  a r r a y  of nodes and 
r e s i s t a n c e s .  
A n a l y t i c a l  Models and P r e l i m i n a r y  Ana lys i s  
The ma themat i ca l  r e p r e s e n t a t i o n  of t h e  two models of t empera tu re  c o n t r o l  sys tems 
u s i n g  f u s i b l e  m a t e r i a l  was performed with an e l e c t r i c a l  ana log  and f i n i t e  
d i f f e r e n c e  t echn ique .  
t e m p e r a t u r e  f o r  each c a l c u l a t i o n  t ime i n t e r v a l .  The nodes a r e  d e f i n e d  by lumped 
p a r a m e t e r s  and connec ted  by a r e s i s t a n c e  network.  The e l e c t r i c a l  ana log  network 
f o r  t h e  one  d imens iona l  a d i a b a t i c  system and t h e  r a d i a t i n g  f i n  w i t h  a t t a c h e d  
f u s i b l e  m a t e r i a l  a r e  p r e s e n t e d  on F igu res  19 and 20. 
T h i s  method o f  a n a l y s i s  u s e s  f i n i t e  nodes o f  c o n s t a n t  
The node s i z e  and spac ing  
were k e p t  con t inuous  where p o s s i b l e  t o  f a c i l i t a t e  computer program usage .  The 
nodes a t  m a t e r i a l  boundary and h e a t i n g  p o i n t s  were reduced i n  s i z e  by one-ha l f  
t o  d e f i n e  a 1 1 , I I  network,  Reference  19. T h i s  approach  more c l o s e l y  p r e d i c t s  t h e  
boundary t e m p e r a t u r e  by b e t t e r  r e p r e s e n t i n g  t h e  a c t u a l  d i f f e r e n t i a l  e q u a t i o n s  
t h a n  a c o n t i n u o u s  network. 
The the rma l  p r o p e r t i e s  r e q u i r e d  f o r  the  a n a l y s i s :  Conductance, Capac i t ance ,  
L a t e n t  Heat and Melt Temperature ,  a r e  p r e s e n t e d  f o r  t h e  f o u r  f u s i b l e  m a t e r i a l s  
s t u d i e d  (even  n - p a r a f f i n  C14H30 t o  C H 20 42 ) on F i g u r e s  2 1  and 22, i n  a form 
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E l e c t r i c a l  Analog 
4 = Heat Input  To Node 1 
N = Nodes of Constant Temperature a t  
Any Time Increment 
C = Node Thermal Capacity 
R = Thermal Resis tance 
1 2 n  
c 2 = cg = c*, c1 = cn/2.0 
R = R  = R  
FIGURE 19 - ANALYTICAL MODEL (1-D) ADIABATIC SYSTEM 
Dark Space  
F in  
e 
C o r r e c t  E l e c t r i c a l  Analog 
t R a d i a t i n g  
F i n  
F u s i b l e  
M a t e r i a l  
= Heat  I n p u t  To Node 1 
Temperature at Any 
Time Increment ”, C = Node Thermal Capaci ty  
+,R = Thermal R e s i s t a n c e  
# , E l  = Nodes o f  Cons tan t  
S i m p l i f i e d  E l e c t r i c a l  Analog 
Used i n  F ina l  Ana lys i s  
FIGURE 20 - ANALYTICAL MODEL (2-D) SYSTEM OF RADIATING FIN WITH 
ATTACHED FUSIBLE MATERIAL 
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r e q u i r e d  f o r  t h e  computer program. The a c t u a l  r e s i s t a n c e ,  c a p a c i t a n c e  and 
l a t e n t  h e a t  f o r  any s i z e  node and network arrangement  i s  o b t a i n e d  by t h e  r a t i o  
of  t h e  a c t u a l  dimensions t o  t h e  uni t -d imens ions  p r e s e n t e d  on t h e  f i g u r e s .  
One Dimensional  A d i a b a t i c  System. 
f o o t  c r o s s  s e c t i o n  o f  f u s i b l e  m a t e r i a l  s e m i - i n f i n i t e  s l a b  w i t h  f i v e  c o n s t a n t  h e a t  
i n p u t  r a t e s  a t  node 1, F i g u r e  19, w i t h  no h e a t  exchange a t  t h e  o t h e r  boundar i e s ,  
The s e l e c t e d  node t h i c k n e s s  w a s  .016667 i n c h e s  f o r  node 1, and ,03333 i n c h e s  f o r  
t h e  remain ing  nodes.  T h i s  node s i z e  was s e l e c t e d  f o r  t h e  f i n a l  a n a l y s i s  a f t e r  a 
s e n s i t i v i t y  a n a l y s i s  was performed t o  o b t a i n  good t empera tu re  s t a b i l i t y  ( a  smooth 
i n c r e a s e  i n  t h e  t e m p e r a t u r e  o f  t h e  melted m a t e r i a l )  and a s t e a d y  p r o g r e s s i o n  o f  
m e l t  t h i c k n e s s .  
T h i s  a n a l y s i s  was performed f o r  a one squa re  
m-nrn ; e  a t r a d e - o f f  between program s t a b i l i t y  v e r s u s  computer t i m e .  The 
a n a l y s i s  became u n s t a b l e  when t h e  r a t i o  of  l a t e n t  h e a t  t o  hear: raLe n ,{ 
( BTU / ho u r 
f o r  t h e  h e a t i n g  r a t e s  and m a t e r i a l s  used i n  t h i s  a n a l y s i s .  For  program 
s t a b i l i t y ,  t h e  computa t ion  was s t a r t e d  w i t h  t h e  f i r s t  node one degree  below m e l t  
p o i n t  and  t h e  f o l l o w i n g  node t empera tu res  d e c r e a s i n g  by . l ° F  p e r  node. 
L 3TUjnode ) i n c r e a s e d  above . l .This  ra t ic?  v a r i e d  from approximate ly  .015 t o  ,075 
R a d i a t i n g  F i n  With At t ached  F u s i b l e  Mate r i a l .  The f i r s t  s t e p  of  t h i s  a n a l y s i s  
was t o  se lec t  a t y p i c a l  f i n  s i z e  f o r  t he  t r a n s i e n t  a n a l y s i s .  The f i n  a n a l y s i s  
c o u l d  n o t  be  g e n e r a l i z e d  because  of the  t empera tu re  decay a long  t h e  f i n  l e n g t h  
which i s  a f u n c t i o n  of f i n  m a t e r i a l ,  l eng th  and t h i c k n e s s .  An optimum f i n  
t h i c k n e s s  s t u d y  was performed f o r  a f i n  of  4 ,  8 and 12 i n c h e s  i n  l e n g t h  u s i n g  
t h e  p r o c e d u r e  p r e s e n t e d  i n  Refe rence  20. The r e s u l t s  a r e  p r e s e n t e d  on F igu re  23. 
The t h e o r e t i c a l  minimum weight  t h i ckness  i s  m a r g i n a l  i n  s t r u c t u r a l  r equ i r emen t s  
f o r  a s p a c e c r a f t l s  e x t e r i o r  s k i n  w i t h  e l e c t r o n i c  g e a r  d i r e c t l y  mounted t o  i t ,  and 
t h e r e f o r e ,  .05 i n c h e s  ( F i g u r e  23) was s e l e c t e d  a s  t h e  minimum f i n  t h i c k n e s s  f o r  
t h i s  s t u d y .  
120 BTU/Hr-Ft-OF and a s u r f a c e  coa t ing  hav ing  an i n f r a r e d  e m i s s i v i t y  of  .90. 
r a d i a t i v e  f i n ' s  s t e a d y  s t a t e  tempera ture  d i s t r i b u t i o n  was c a l c u l a t e d  by an  
a n a l y t i c a l  method by J .  W. Tatom i n  Reference 21 and checked by t h e  t r a n s i e n t  
The assumed f i n  m a t e r i a l  i s  aluminum w i t h  a thermal  c o n d u c t i v i t y  of 
The 
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Environmental Parameter 
'in External Radiation to Fin 
Radiation From Fin 
- =  
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Fin Effectiveness 
Q = Radiation From Fin 
Radiation From Fin at Constant Temperature. 
(Equal to Root Temperature) 
qin = o., 
'in *5qout9 
1(2= .57, For Minimum Weight Fin 
Q = .31 For Minimum Weight Fin - -- 
- -e- Selected Fin Thickness for Study of Radiator Mounte 
Heat Sources (Electronic Equipment) = .05 Inches 
€IR = 09 
K = 120 BTU/HR-FT-OF 
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Root Temperature - T - OF R 
FIGURE 23 - RADIATING FIN THICKNESS SELECTION AND COMPARISON 
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computer program of Refe rence  19,  which was a l lowed t o  r e a c h  s t e a d y  s t a t e .  
s i n k  was deep space  w i t h  an assumed t empera tu re  of z e r o  deg ree  Rankine. 
r e s u l t s  were i n  good agreement and t h e  procedure  of J. W. Tatom was used t o  
c a l c u l a t e  f i n  t e m p e r a t u r e  d i s t r i b u t i o n  f o r  t h e  t h r e e  f i n  l e n g t h s  w i t h  r o o t  
t e m p e r a t u r e  e q u a l  t o  t h e  m e l t  p o i n t  o f  oc tadecane .  
The 
The 
The t r a n s i e n t  a n a l y s i s  was performed f o r  a f i n  w i t h  oc t adecane  a s  t h e  a t t a c h e d  
f u s i b l e  m a t e r i a l .  T h e r e f o r e ,  t h e  r e s u l t s  f o r  a f i n  r o o t  t e m p e r a t u r e  o f  82'F, t h e  
m e l t - p o i n t  of o c t a d e c a n e , a r e  p r e s e n t e d .  The r a d i a t i n g  f i n  t i p  t empera tu re  and 
t o t a l  h e a t  d i s s i p a t i o n  a s  a f u n c t i o n  of f i n  l e n g t h  a r e  p r e s e n t e d  on F i g u r e  24. 
The s t e a d y  s t a t e  f i n  t e m p e r a t u r e  d i s t r i b u t i o n  f o r  a 4 ,  8 and 12  i n c h  f i n  a r e  
shown on F i g u r e  25. 
I n c l u d i n g  a s o l i d  f u s i b l e  m a t e r i a l  a t  t h e  n o n - r a d i a t i n g  ( r e a r )  of a r a d i a t o r  
f i n  w i l l  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  l o n g i t u d i n a l  s t eady- sLare  L W ~ ~ ~ ~ ~ ; ~ : :  
d i s t r i b u t i o n .  T h i s  i s  because  t h e  r a t i o  o €  thermal  c o n d u c t i v i t y  of aluminum t o  
t h e  
and 
f u s i b l e  m a t e r i a l  is :  
K 
z - alum. -
K f u s .  mat. 
100 103 - =  
1 
t h e  t h i c k n e s s  r a t i o  w i l l  be l e s s  than:  
alum. < -  .05 = 10- 1 A X  
AX .5  f u s .  m a t .  
o r  t h e  o v e r a l l  thermal  r e s i s t a n c e  r a t i o :  
1 R 
R - 100 
- alum. - 
f u s .  mat. 
F i g u r e s  24 and 25 show t h e  decay o f  f i n  t empera tu re  a s  a f u n c t i o n  o f  f i n  l e n g t h ,  
f o r  t h e  assumed f i n  t h i c k n e s s  o f  .05 inches .  The a d d i t i o n  of f u s i b l e  m a t e r i a l  
t o  t h e  t h e r m a l l y  r a d i a t i n g  f i n  i s  u s e f u l  o n l y  f o r  a f i n  l e n g t h  where f i n  
t e m p e r a t u r e  i s  above t h e  m e l t  p o i n t  o f  t h e  f u s i b l e  m a t e r i a l .  As F i g u r e  24 shows, 
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the rate of temperature decay increases with fin length up to about .4 feet 
where it becomes essentially linear. It is reasonable to assume that for 
practical applications the length of the fin and thereby the temperature decay 
should be limited. A fin length of 4 inches ( .333  ft.) was selected for the 
performance analysis of a radiating fin with attached fusible material 
(octadecane) . 
The final transient analysis of the radiating fin with and without attached 
fusible material was performed with the simplified electrical analog network, 
Figure 20. The selected size of an aluminum fin node was .4 inches along the 
fin, ,05 in, thickness and 1 ft, width. The fusible material node size was the 
same in length and width, but only ,025 in. thick. The conductances between 
fusible material nodes along the fin were neglected to conserve computer time. 
This had little effect on the analytical results due to the ratio of thermal 
resistances of aluminum and fusible material, as discussed earlier. 
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NORTHROP SPACE LABORATORIES 
SECTION V 
PERFORMANCE OF TEMPERATURE CONTROL SYSTEMS 
One-Dimensional A d i a b a t i c  System 
The r e s u l t s  f o r  t h e  one-dimensional  a d i a b a t i c  sys t em a n a l y s i s  ( F i g u r e s  l a  and 19)  
a r e  p r e s e n t e d  o n  F i g u r e s  26 through 37.  
f o u r  s e l e c t e d  f u s i b l e  m a t e r i a l s  was p r e d i c t e d  a t  f i v e  h e a t i n g  r a t e s  (50, 100, 
The h e a t  a b s o r p t i o n  c a p a b i l i t y  of t h e  
.. 
150 ,  200 and 250 w a t t s / f t L ) .  
t h e  m e l t  l a y e r  a r e  p r e s e n t e d  as a f u n c t i o n  o f  t ime  and h e a t  f l u x  on F i g u r e s  26 
th rough  33. F i g u r e s  26 through 29 a r e  f o r  h e a t  a d d i t i o n  p e r i o d s  from 0 t o  15 
m i n u t e s .  The same r e s u l t s  a re  p r e s e n t e d  f o r  p e r i o d s  up t o  a n  hour  on F i g u r e s  
30 through 33. The t h i c k n e s s  and weight o f  t h e  m e l t e d  m a t e r i a l  f o r  t h e  same 
c o n d i t i o n s  a r e  shown on F i g u r e s  34 through 3 7 .  
a f u n c t i o n  o f  a c o n s t a n t  h e a t  r a t e ,  They can a l s o  be used t o  e s t i m a t e  t h e  pe r -  
formance of systems w i t h  v a r i a b l e  h e a t  flux. 
The c o l d  p l a t e  t e m p e r a t u r e  and t h e  t h i c k n e s s  o f  
These r e s u l t s  a r e  p r e s e n t e d  as  
For  example, a system s h a l l  be  cons ide red  which u s e s  Te t r adecane  and d i s s i p a t e s  .. z 100 w a t t s / f t  t o  t h e  c o l d  p l a t e  f o r  ,062 h o u r s .  A t  t h i s  t i m e  a n  i n s t a n t a n e o u s  
i n c r e a s e  o f  h e a c  d i s s i p a t i s n  t o  150 w a t t s / f t  o c c u r s  and c o n t i n u e s  f o r  a n  a d d i -  
t i o n a l  p e r i o d  of  .043 hours .  Assuming t h e  s t a r t i n g  t e m p e r a t u r e  i s  a t  t h e  m e l t  
p o i n t  (41°F) ,  t h e  c o l d  p l a t e  t empera tu re  a f t e r  t h e  f i r s t  h e a t i n g  p e r i o d  (.062 
h o u r s )  i s  58OF and .05 i n c h e s  o f  Tetradecane have m e l t e d ,  ( F i g u r e  26) .  To e s t i -  
ma te  t h e  c o l d  p l a t e  t e m p e r a t u r e  a f t e r  t h e  second h e a t i n g  p e r i o d  t r a n s f e r  a l o n g  
a c o n s t a n t  c o l d  p l a t e  t e m p e r a t u r e  l i n e  ( F i g u r e  26 )  from t h e  100 w a t t / f t  cu rve  
2 
2 
.. z t o  t h e  150 w a t t / f t  cu rve  ( t h e  c o o r d i n a t e s  of  t h i s  p o i n t  a r e  8 = ,028 h r s .  and 
TCP = 58OF). Then c o n t i n u e  a l o n g  t h e  150 w a t t / f t 2  c u r v e  f o r  a n  a d d i t i o n a l  .043 
h o u r s  and r e a d  t h e  r e s u l t a n t  c o l d  p l a t e  t e m p e r a t u r e  TCP = 80°F f o r  t h e  combined 
h e a t i n g  ra tes .  
' Io o b t a i n  a n  e s t i m a t e  of t h e  m e l t  t h i c k n e s s  a f t e r  t h e  second h e a t i n g  p e r i o d  
t r a n s f e r  t o  t h e  150 w a t t s / f t 2  c u r v e  from t h e  100 w a t t / f t 2  cu rve  on t h e  .05 m e l t  
t h i c k n e s s  c u r v e  ( F i g u r e  26) and n o t e  t h e  m e l t  t h i c k n e s s  a f t e r  an a d d i t i o n a l  
.043 h o u r s .  The r e s u l t i n g  m e l t  t h i c k n e s s  i s  . L O  i n c h e s .  
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This procedure of estimating performance of the one-dimensional adiabatic sys- 
tem for varying heat rates neglects the variation in the melted (liquid) fusible 
material layer between the cold plate and the solid-liquid interface resulting 
from the change in heating rate. 
sample problem an incorrect cold plate temperature was assumed when starting 
the second heat pulse at A X  = .05 inches and 4 = 150 wattslft . 
tion increased the heat absorbed by the liquid layer above the correct value. 
In estimating the cold plate temperature, the melt layer was reduced below the 
actual condition before and after the second heat pulse. 
duced the heat absorbed by the liquid layer below the actual condition and de- 
creased the thermal resistance in the liquid layer. However, these estimated 
values of melt thickness and cold plate temperature are reasonably accurate as 
long as the major portion of the heat absorbed is by melting of the solid mater- 
ial and the thickness of the liquid layer is small. 
When estimating the melt thickness in the 
2 This assump- 
This assumption re- 
Parametric Analysis 
The computation techniques used in the analysis of the one-dimensional adiabatic 
model result in computation instabilities at rates of heat flow slightly below 
L I I V S C :  p r e s z n t e d  ir! Figures 26 through 37. A parametric analysis, assuming con- 
stant thermo-physical properties for the molten fusible material was performed. 
-L - - - 
L For the heat rates below 50 watt/ft the melt layer temperature does not increase 
significantly above the melt point for a considerable period of heat addition. 
Therefore, the assumption of constant fluid properties for the melt will not 
result in a significant error. 
The parametric results are presented on Figures 38 and 39. 
cable for the four selected n-paraffin materials. Figure 38 can be used to 
calculate the temperature change across the liquid melt layer and Figure 39 
provides the thickness of the liquid layer as a function of time. 
These data are appli- 
Radiating Fin With and Without Attached Fusible Material 
The predicted performance for the heat rejection system using fusible material 
in combination with a radiating fin is presented on Figures 40 through 46 .  The 
fusible material used is Octadecane attached along the total fin length of 4 
NSL 65-16  
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I 
I 
I 
I 
I 
i n c h e s .  The f i n  r o o t  t e m p e r a t u r e  h i s t o r y  f o r  t h r e e  h e a t i n g  r a t e s  ( 2 5 ,  50 and 
7 5  w a t t s / f o o t  o f  f i n  r o o t )  f o r  a f i n  w i t h  and w i t h o u t  a t t a c h e d  f u s i b l e  m a t e r i a l  
i s  shown on F i g u r e  40. The f u s i b l e  m a t e r i a l  g r e a t l y  r e t a r d s  t h e  f i n  t empera tu re  
r ise .  The s t e a d y  s t a t e  r o o t  t e m p e r a t u r e  is  p r e s e n t e d  on F i g u r e  41 a s  a f u n c t i o n  
o f  h e a t  ra te .  The r a t e  o f  f u s i b l e  m a t e r i a l  m e l t i n g  f o r  t h e  c o n d i t i o n s  of  F i g u r e  
40 a r e  p r e s e n t e d  on F i g u r e  42. Also shown o n  F i g u r e  42 a r e  s o l i d i f i c a t i o n  ra tes  
w i t h  z e r o  h e a t  i n p u t  a t  t h e  f i n  r o o t  f o r  t h e  2 5 ,  50 and 75 w a t t / f t  h e a t  ra tes  
a f t e r  15, 10 and 5 minu tes  h e a t i n g  p e r i o d s ,  r e s p e c t i v e l y .  
The f i n  r o o t  t e m p e r a t u r e  r i s e  and decay f o r  t h e  50 w a t t / f t  h e a t i n g  r a t e  w i t h  a 
z e r o  h e a t  i n p u t  d u r i n g  c o o l i n g  i s  shown on F i g u r e  43 f o r  t h r e e  h e a t i n g  p e r i o d s  
( 5 ,  10 and 1 5  m i n u t e s ) .  Once t h e  f i n  r o o t  h e a t  i n p u t  i s  s topped ,  t h e  f i n  r o o t  
t e m p e r a t u r e  d r o p s  v e r y  s h a r p l y .  
t h e  f i n  d i s a p p e a r s  and t h e  t e m p e r a t u r e  a long t h e  f i n  becomes a c o n s t a n t  ( i nde -  
pendent  of l e n g t h )  d ropp ing  v e r y  r a p i d l y  t o  t h e  f u s i b l e  m a t e r i a l  m e l t  tempera- 
+*ira --- - <?l°F)- The u e r i o d  between t h e  time when t h e  r o o t  t empera tu re  TR becomes 
81OF u n t i l  i t  i n t e r s e c t s  t h e  l i n e  of s o l i d i f i c a t i o n  l o c i  ( F i g u r e  4 3 )  i s  t h e  
t i m e  r e q u i r e d  t o  s o l i d i f y  a l l  t h e  f u s i b l e  m a t e r i a l  m e l t e d  d u r i n g  t h e  h e a t  p u l s e .  
With no h e a t  p u l s e  t h e  t e m p e r a t u r e  decay a l o n g  
The m e l t  p r o f i l c s  f o r  t h e  c o n d i t i o n s  of  F i g u r e  43 a r e  prsscntec! OR F i g u r e  44. 
For w e i g h t  e f f e c t i v e n e s s  t h e  m e l t  p r o f i l e  is  t h e  most e f f i c i e n t  f u s i b l e  m a t e r i a l  
package o u t l i n e .  
due t o  t h e  t e m p e r a t u r e  decay a l o n g  t h e  f i n  as  shown i n  F i g u r e  25. 
Note t h a t  t h e  m e l t  p r o f i l e  i s  a l s o  a f u n c t i o n  of  f i n  geometry 
F i g u r e  45 shows a n  example of  a thermo-his togram of  a r a d i a t i n g  f i n  w i t h  a t t a c h e d  
f u s i b l e  mater ia l .  
minum f i n ,  i . e . ,  p o s i t i v e  f l u x e s  i n d i c a t e  h e a t  f l ow i n t o ,  n e g a t i v e  f l u x e s  i n d i -  
c a t e  h e a t  f l ow o u t  of  t h e  f i n .  The f u s i b l e  ma te r i a l  a b s o r b s  t h e  m a j o r i t y  o f  
t h e  h e a t  i n t r o d u c e d  by t h e  h e a t  p u l s e  r e s t r i c t i n g  t h e  f i n  t e m p e r a t u r e  r i s e  and 
t h e r e b y  m a i n t a i n i n g  t h e  h e a t  r e j e c t e d  by r a d i a t i o n  r e l a t i v e l y  c o n s t a n t .  A f t e r  
t h e  h e a t  p u l s e  t h e  r a d i a t i o n  t o  s p a c e  s o l i d i f i e s  t h e  m e l t e d  f u s i b l e  m a t e r i a l  
m a i n t a i n i n g  t h e  f i n  t e m p e r a t u r e  c l o s e  to  t h e  f u s i b l e  m a t e r i a l ' s  m e l t  p o i n t .  
I n  t h i s  f i g u r e  d i r e c t i o n  of  h e a t  f l u x  i s  r e l a t i v e  t o  t h e  a l u -  
The s e l e c t e d  r a d i a t i n g  f i n  w i t h  a t t a c h e d  f u s i b l e  m a t e r i a l  h a s  a h e a t  r e j e c t i o n  
v- 3 
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o f  12.2 w a t t s / f t  w i t h  t h e  f i n  r o o t  a t  t h e  me l t  p o i n t  of  Octadecane. Th i s  i s  
t h e  maximum s t e a d y  s t a t e  h e a t  r e j e c t i o n  r a t e  t h a t  can m a i n t a i n  s o l i d  f u s i b l e  
material  a t  t h e  f i n  r o o t  r e a d y  f o r  a h ighe r  energy h e a t  p u l s e .  F i g u r e  46 p r e -  
s e n t s  t h e  f i n  r o o t  t e m p e r a t u r e  h i s t o r y  of  t h e  f i n  w i t h  and w i t h o u t  a t t a c h e d  
f u s i b l e  ma te r i a l  f o r  a 15 m i n u t e  h e a t  p u l s e  of  50 w a t t s / f t  preceded and fol lowed 
1 
1 
I 
I 
I  by a 12.2 w a t t / f t  h e a t i n g  ra te .  T h e o r e t i c a l l y  i t  would t a k e  a n  i n f i n i t e  t ime 
p e r i o d  f o r  t h e  system t o  r e t u r n  t o  t h e  o r i g i n a l  c o n d i t i o n .  
, 
The r a t e  o f  t e m p e r a t u r e  decay shown on Figure 46 i s  t h e  upper  l i m i t  f o r  regen-  
e r a t i o n  o f  s o l i d  f u s i b l e  mater ia l  f o r  t he  s t a t e d  c o n d i t i o n  and f i n  c o n f i g u r a t i o n .  
The maximum r a t e  of  r e g e n e r a t i o n  (minimum r e g e n e r a t i o n  t i m e )  i s  p r e s e n t e d  on 
F i g u r e  43 w i t h  z e r o  h e a t  i n p u t  t o  t h e  f i n .  
t 
I 
I 
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Fusible Material Performance 
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FIGURE 26 - FUSIBLE MATERIAL PERFORMANCE-TETRADECANE (0-15 Min) 
FOR THE ONE DIMENSIONAL ADIABATIC MODEL 
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FIGURE 27 - FUSIBLE MATERIAL PERFORMANCE-HEXADECANE (0-15 Min) 
FOR THE ONE DIMENSIONAL ADIABATIC MODEL 
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FIGURE 28 - FUSIBLE MATERIAL PERFORMANCE-OCTADECANE (0-15 Min) 
FOR THE ONE DIMENSIONAL ADIABATIC MODEL 
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FIGURE 2 9 - FUSIBLE MATERIAL PERFORMANCE- EICOSANE (0- 15  Min) 
FOR THE ONE DIMENSIONAL ADIABATIC MODEL 
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FIGUm' 30 - FUSIBLE MATERIAL PERFORMANCE-TETRADECANE (1 HOUR) 
FOR THE ONE DIMENSIONAL ADIABATIC MODEL 
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FIGURE 31 - FUSIBLE MATERIAL PERFORMANCE-HEXADECANE (1 HOUR) 
FOR THE ONE DIMENSIONAL ADIABATIC MODEL 
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FIGURE 32 - FUSIBLE MATERIAL PERFORMANCE-OCTADECANE (1 HOUR) 
FOR THE ONE DIMENSIONAL ADIABATIC MODEL 
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FIGURE 33 - FUSIBLE MATERIAL PERFORMANCE-EICOSANE (1 HOUR) 
FOR THE ONE DIMENSIONAL ADIABATIC MODEL 
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FIGURE 34  - MELT LAYER DEPTH AND WEIGHT-TETRASECANE 
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FIGURE 38 - TEMPERATURE PARAMETER VERSUS TIME PARAMETER FOR MELTING 
O F  S E M I - I N F I N I T E  SLABS 
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Assumptions: 
1. Constant  Heat I n p u t  
2. Material P r o p e r t i e s  Constant & a t  Melt P o i n t  
3. S l a b  a t  T i m e  Zero i s  a t  "Mel t  
4 .  Zero Heat Conducted Through S o l i d  
5.  Zero Convection 
H = Heat of Fus ion  - BTU/Lb 
a = Thermal D i f f u s i v i t y  - Ft2/Hr 
q/A = Heat Rate P e r  Uni t  Area - BTU/Hr-Ft 
k =Thermal  Conduct iv i ty  - BTU/Hr-Ft-OF 
0 = Time  - H r s .  
Symbols: 
Cp = S p e c i f i c  Heat - BTU/Lb-OF 
2 
AX = Melt Thickness  - Ft. 
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FIGURE 39 MELT THICKNESS PARAMETER VERSUS TIME PARAMETER FOR MELTING 
OF SEMI-INFINITE SLABS 
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F I G U R E  40 - ROOT TEMPERATURE HISTORY OF A RADIATING F I N  WITH AND 
WITHOUT ATTACHED F U S I B L E  MATERIAL 
NSL 65-16 
v-19 
FIGURE 41 - STEADY-STATE ROOT TEMPERATURE OF A FIN RADIATING TO SPACE 
FROM ONE SIDE ONLY 
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FIGURE 42 - FUSIBLE MATERIAL MELT AND S O L I D I F I C A T I O N  RATE WHEN 
ATTACHED TO RADIATING F I N  
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FIGURE 43 .. ROOT TEMPERATURE HISTORY OF A RADIATING FIN WITH AND 
WITHOUT ATTACHED FUSIBLE MATERIAL AT 50 WATTS/FT. 
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FIGURE 44 - MELT LAYER HISTORY OF FUSIBLE MATERIAL ATTACHED TO 
A RADIATING FIN AT 50 WATTSIFT. 
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F IGURE 46 - ROOT TEMPERATURE HISTORY OF A RADIATING FIN WITH AND WITHOUT 
ATTACHED FUSIBLE MATERIAL WITH THE MAXIMUM HEAT RATE FOR 
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15 MINUTE 50 WATT/FT HEAT PULSE 
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NORTHROP SPACE LABORATORIES 
SECTION V I  
I THERMAL CONTROL SYSTEM PACKAGE DESIGN AND VERIFICATION EXPERIMENTS 
The v e r i f i c a t i o n  expe r imen t s  r e q u i r e  exper imenta l  thermal  c o n t r o l  system 
packages  which p h y s i c a l l y  s i m u l a t e  t h e  a n a l y t i c a l  models of  t h e  two temper- 
a t u r e  c o n t r o l  systems a n a l y z e d .  The exper imenta l  package d e s i g n ,  c o n s t r u c -  
t i o n ,  and o p e r a t i o n  d u r i n g  performance e v a l u a t i o n  expe r imen t s  w i l l  p r o v i d e  
d e s i g n  d a t a  f o r  t h e  f l i g h t  hardware d e s i g n .  The v e r i f i c a t i o n  exper iments  
have n o t  been completed a t  t h i s  t i m e  due t o  i n i t i a l  f a i l u r e s  of t h e  f u s i b l e  
material c o n t a i n e r s  under  p r e s s u r i z a t i o n .  
The two a n a l y t i c a l  models o f  t h e  tempera ture  c o n t r o l  sys tems ana lyzed  and 
r e q u i r i n g  e x p e r i m e n t a l  v e r i f i c a t i o n  are: 
a .  The one d imens iona l  a d i a b a t i c  system. T h i s  sys tem i s  a p p l i c a b l e  t o  
t empera tu re  c o n t r o l  of a device  where waste h e a t  i s  absorbed by t h e  
f u s i b l e  material w i t h  n o  s i g n i f i c a n t  h e a t  t r a n s f e r  t o  t h e  e x t e r n a l  
environment .  
b .  The t w o  d imens iona l  system of a r a d i a t i n g  f i n  w i t h  a t t a c h e d  f u s i b l e  
material. I n  t h i s  system t h e  thermal  i n e r t i a  of  a space  r a d i a t o r  i s  
i n c r e a s e d  by t h e  u s e  of  the a t t a c h e d  f u s i b l e  material. 
The f u s i b l e  material s e l e c t e d  f o r  t h e  v e r i f i c a t i o n  exper iment  w a s  o c t a d e c a n e ,  
C18H38’ w i t h  a m e l t  p o i n t  of 81°F and a h e a t  of f u s i o n  of  104.9 BTU/lb. 
The f u s i b l e  material should be c o n t a i n e d ,  f o r  bo th  s y s t e m s ,  so t h a t  i t  i s  
k e p t  i n  c o n t a c t  w i t h  t h e  h e a t  source ,  i . e .  t h e  e l e c t r o n i c  package h e a t  r e j e c -  
t i o n  s u r f a c e  o r  t h e  r a d i a t i n g  f i n .  The c o n t a i n e r  should  ma in ta in  t h e  f u s i b l e  
material  a t  approx ima te ly  one atmosphere gage p r e s s u r e .  
of t h e  oc t adecane  d u r i n g  t e s t i n g  w i l l  be approximate ly  7% above i t s  l i q u i d  
volume a t  t h e  m e l t  p o i n t .  
m e l t  t empera tu re  t o  l i q u i d  a t  150 F above t h e  m e l t  t empera tu re  i s  19%. 
The maximum volume 
The t o t a l  volume change from s o l i d  a t  50°F below 
0 
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T e s t i n g  of b o t h  systems was t o  be  performed i n  an evacua ted  b e l l  j a r  w i th  
c o l d  w a l l s  f o r  system ( b )  and walls a t  room t e m p e r a t u r e  f o r  system ( a ) .  
The vacuum environment  was r e q u i r e d  f o r  the a d i a b a t i c  system ( a )  t e s t  so 
t h a t  an a d i a b a t i c  c o n d i t i o n  can be s imula t ed  by low the rma l  mass r e f l e c t i v e  
i n s u l a t i o n  d u r i n g  t h e  t r a n s i e n t  t e s t .  The vacuum environment and co ld  walls 
are r e q u i r e d  t o  s i m u l a t e  t h e  the rma l  environment of t h e  r a d i a t i n g  f i n - f u s i b l e  
material system ( b )  . 
The e x p e r i m e n t a l  package f o r  t h e  a d i a b a t i c  one d imens iona l  system ( a )  i s  shown 
on F i g u r e  47. An e l e c t r i c a l l y  hea ted  aluminum p l a t e  i s  used t o  s i m u l a t e  a n  
i t e m  of  h e a t  e m i t t i n g  equipment.  
S i l i c o n e  r u b b e r  G.E.  RTV 11 o r  RTV 60 was s e l e c t e d  as material f o r  t h e  f u s i b l e  
material c o n t a i n e r .  E la s tomers  have many d e s i r a b l e  p r o p e r t i e s  f o r  u s  as con- 
t a i n e r  material .  They have i n h e r e n t  c a p a b i l i t y  t o  p r o v i d e  p r e s s u r i z a t i o n ,  
a d a p t  t o  volume changes and ma in ta in  t h e  f u s i b l e  material i n  c o n t a c t  w i t h  
t h e  h e a t  sou rce .  S i l i c o n e  r u b b e r s  have good e l a s t i c i t y ,  are s t a b l e  ove r  a 
wide t e m p e r a t u r e  r ange  a t  one atmosphere o r  i n  a vacuum and can be molded a t  
room t e m p e r a t u r e .  An aluminum mold was manufactured i n  which c o n t a i n e r s  of 
each  of  t h e  s i l i c o n e  r u b b e r s  were molded. 
Problems were encoun te red  w i t h  t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  c o n t a i n e r s  
made from s i l i c o n e  r u b b e r s  G.E.  RTV 11 and RTV 60. Four c o n t a i n e r s  were 
r u p t u r e d  d u r i n g  expe r imen t s  w i t h  p r e s s u r i z a t i o n  and f i l l i n g  o f  t h e  a p p a r a t u s .  
The RTV 11 appeared s u p e r i o r  t o  RTV 60 i n  tear s t r e n g t h  and o n l y  one c o n t a i n e r  
w a s  made from t h e  l a t t e r  m a t e r i a l .  
One RTV 11 c o n t a i n e r  expanded s u c c e s s f u l l y  t o  150% of i t s  o r i g i n a l  volume a t  
7 p s i g  a i r  p r e s s u r e .  
p r e s s u r i z a t i o n  f o r  l e a k  t e s t i n g  on f i l l i n g  w i t h  Octadecane.  
i n g  i n s t a l l a t i o n  was t r i e d .  
t h e  clamping i n s t a l l a t i o n ,  w h i l e  p r e s s u r i z i n g  t h e  a p p a r a t u s  w i t h  l i q u i d  
Octadecane f o r  t h e  f i r s t  t e s t  run. 
However, t h e  c o n t a i n e r s  r u p t u r e d  n e a r  t h e  band clamp on 
A modi f i ed  clamp- 
The l a s t  c o n t a i n e r  r u p t u r e d  a f t e r  m o d i f i c a t i o n  of 
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The extremely poor tear strength of these silicone rubbers after slight sur- 
face damage makes them undesirable for this application. Other elastomers 
(including other silicone rubbers) may be more suitable for this application 
and will be investigated and tried. 
A mechanical pressurizing arrangement such as a bellows system could be used. 
But the simplicity of the use of an inherently elastomeric material makes it: 
the most promising container material and justifies a continuation of effort 
to find a stronger and more suitable elastomer. 
t 
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F u s i b l e  
Material 
FIGURE 47 TEST APPARATUS FOR: THE ONE DIMEKSIONAL 
ADIABATIC MODEL T H E W  CONTR(SL 
BY USE OF FUSIBLE MATERIAL 
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The major f a c t o r s  l i m i t i n g  t h e  a p p l i c a b i l i t y  of f u s i b l e  materials f o r  temper- 
a t u r e  c o n t r o l  are t h e  f u s i b l e m a t e r i a l s  weight r e l a t i v e  t o  h e a t  absorbed and 
t h e  b u i l d  up of t h e  low the rma l  c o n d u c t i v i t y  m e l t  l aye r .  S i n c e  m e l t i n g  i s  
e s s e n t i a l l y  a c o n s t a n t  t empera tu re  p r o c e s s ,  h e a t  of  f u s i o n  t empera tu re  con- 
t r o l  cou ld  t h e o r e t i c a l l y  p r o v i d e  a c o n s t a n t  t e m p e r a t u r e  c o n t r o l  t e c h n i q u e ,  
i f  t h e  t h e r m a l  c o n d u c t i v i t y  of t h e  l i q u i d  cou ld  be i n c r e a s e d  t o  i n f i n i t y  o r  
SECTION V I 1  
POTENTIAL IMPROVEMENTS OF THERMAL CONTROL PACKAGE 
DESIGN 
, 
S e v e r a l  methods of improving t h e  performance of t he rma l  c o n t r o l  packages 
u s i n g  f u s i b l e  materials have been cons ide red  and e v a l u a t e d  as t o  t h e i r  p o t -  
I e n t i a 1  f o r  f u t u r e  s t u d i e s .  
1 
Improvement of  e f f e c t i v e  the rma l  conductance by t h e  u s e  of f i n n e d  h e a t  d i s s i -  
p a t i o n  s u r f a c e s ,  by t h e  mixing of metallic powders o r  f l a k e s  i n t o  t h e  f u s i o n  
material o r  by c h o i c e  of h i g h e r  conductance f u s i o n  materials are  be ing  con- 
s i d e r e d .  I n  p l a c e  o f  f i n s  on t h e  h e a t  d i s s i p a t i o n  s u r f a c e ,  randomly o r i e n t e d  
aluminum o r  coppe r  f i b e r s  (s imilar  t o  " s t ee l  woo l , " )  s o l d e r e d  t o  t h e  h e a t  
d i s s i p a t i n g  s u r f a c e  could p r o v i d e  m u l t i p l e  h i g h l y  c o n d u c t i v e  h e a t  p a t h s  i n t o  
t h e  f u s i b l e  material and i n c r e a s e  e f f e c t i v e  the rma l  conductance of t h e  m e l t  
l a y e r .  
A l l  t h e s e  methods w i l l  r educe  t h e  f u s i b l e  material c o n t e n t  p e r  u n i t  system 
we igh t  and volume. 
t h e  f u s i b l e  material by t h e  m e t a l l i c  f i l l e r s  o r  by t h e  f i n s  must be cons id -  
e r e d  i n  e v a l u a t i n g  t h e  u s e f u l n e s s  of  t h e s e  methods.  T h i s  d i sp l acemen t  sub- 
s t i t u t e s  t h e  p roduc t  of s p e c i f i c  h e a t  and t e m p e r a t u r e  r i se  of t h e  metal f o r  
t h e  much l a r g e r  h e a t  f u s i o n  of t h e  p a r a f f i n s .  
methods w i l l  r educe  t h e  r a t e  of  t empera tu re  i n c r e a s e  w i t h  t i m e  ( and  t o t a l  
d i s s i p a t e d  h e a t )  bu t  i n c r e a s e  t h e  s y s t e m  weight  f o r  a g iven  t o t a l  h e a t  d i s s i -  
pation. 
The p e n a l t i e s  r e s u l t i n g  from t h e  d i sp lacemen t  of  some of 
Depending on a p p l i c a t i o n ,  t h e s e  
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M a t e r i a l s  o t h e r  t h a n  t h e  f o u r  p a r a f f i n s  p r e s e n t l y  s t u d i e d  shou ld  be c o n s i d e r e d ,  
L iqu id  a l k a l i  m e t a l s  do n o t  look promis ing  because o f  low h e a t  of f u s i o n ,  though 
t h e  the rma l  c o n d u c t i v i t y  i s  s u p e r i o r .  Phase change on d e c r e p i t a t i o n  of  hydra t ed  
s a l t s ,  f o r  example t h e  endothermic  change from Na SO 
10 H 2 0  w i l l  p r o v i d e  h e a t  a b s o r p t i o n  of  108 BTU p e r  pound. 
of t h e  Na2S04 + 10 H 2 0  s o l u t i o n  may be about t h r e e  t i m e s  t h a t  of  t h e  l i q u i d  
p a r a f f i n s .  P o t e n t i a l  problems i n c l u d e  d i f f i c u l t i e s  i n  r e c r y s t a l l i z a t i o n  and 
10 H 2 0  t o  Na2S04 + 2 4  
Thermal c o n d u c t i v i t y  
, 
~ thermal  c o n t a c t  of  t h e  c r y s t a l l i n e  form wi th  t h e  h e a t  source .  However, f o r  t h e  
a d i a b a t i c  sys tem r e c r y s t a l l i z a t i o n  may n o t  be  r e q u i r e d  and the rma l  c o n t a c t  
cou ld  be  improved, i f  n e c e s s a r y ,  by f i n s  o r  t h e  "metal w 0 0 1 ~ f  approach  d e s c r i b e d  
above. 
I 
I 
I A concept  o f  removing t h e  mol t en  l i q u i d  l a y e r  f o r  t h e  a d i a b a t i c  system i s  
p r e s e n t e d  on F i g u r e  48. T h i s  sys tem would use  p r e s s u r e  of a vapor  t o  f o r c e  t h e  
s o l i d  f u s i b l e  m a t e r i a l  a g a i n s t  t h e  h e a t  d i s s i p a t i o n  s u r f a c e .  The l i q u i d  f u s i b l e  
mater ia l  would b e  f o r c e d  by t h e  s o l i d  m a t e r i a l  i n t o  an a n n u l a r  u l l a g e  space  
provided .  
c y l i n d r i c a l  s l a b  of s o l i d  f u s i b l e  m a t e r i a l  i n  a me ta l  c y l i n d e r ,  shown shaded i n  
t h e  F i g u r e .  
" P r e s s u r e  Diaphragm". 
w i t h  a h i g h  vapor  p r e s s u r e  f l u i d  (e .g .  Freon) ,  which would be i n  thermal  c o n t a c t  
w i t h  t h e  h e a t  d i s s i p a t i o n  s u r f a c e .  S l i d i n g  of  t h e  f u s i b l e  m a t e r i a l  s l a b  w i l l  be 
f a c i l i t a t e d  by thermal  c o n t a c t  o f  t h e  meta l  c y l i n d e r  w i t h  t h e  h e a t  d i s s i p a t i n g  
s u r f a c e  and  by t h e  i n h e r e n t l y  s l i p p e r y  c h a r a c t e r i s t i c s  of  p a r a f f i n s  c l o s e  t o  o r  
above t h e i r  m e l t i n g  p o i n t s .  
i s  f o r c e d  through s l o t s  i n t o  t h e  a n n u l a r  u l l a g e  s p a c e ,  d i s p l a c i n g  t h e  ' ' R e f i l l  
B ladde r f f .  
p o i n t  i n  m e l t i n g  of  t h e  s o l i d  m a t e r i a l ,  w i t h  p a r t  of  f u s i b l e  m a t e r i a l  mol ten  and 
i n  t h e  u l l a g e  space .  
w i t h  a l l  o f  t h e  f u s i b l e  m a t e r i a l  i n  t h e  u l l a g e  space .  Regene ra t ion  o f  t h e  system, 
f o r  example a f t e r  a p r e f l i g h t  checkout ,  r e q u i r e s  a h e a t  soak  of  t h e  d e v i c e  which 
w i l l  l i q u i f y  t h e  f u s i b l e  m a t e r i a l  i n  t h e  u l l a g e  s p a c e  and a p p l i c a t i o n  of  a i r  
I 
I 
i 
The sys tem arrangement  shown i n  F i g u r e  48 w i l l  i n i t i a l l y  r e t a i n  a 
P r e s s u r e  w i l l  a c t  on t h e  s o l i d  f u s i b l e  m a t e r i a l  s l a b  through t h e  
The vapor  p r e s s u r e  would be g e n e r a t e d  by a bu lb ,  f i l l e d  
A s  t h e  s o l i d  f u s i b l e  m a t e r i a l  melts, t h e  l i q u i d  m e l t  
The t o p  i l l u s t r a t i o n  of F igu re  48 shows an  approximate ly  half-way 
The c e n t e r  i l l u s t r a t i o n  shows t h e  end o f  t h e  c o o l i n g  p e r i o d  
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, pressure to the refill bladder. This will return the fusible material to the 
I 
I center for another cooling cycle. 
t 
The advantage of this arrangement would be that an essentially constant 
temperature of the heat rejection surface, at the melting temperature of  the 
fusible material, can be maintained by elimination of the temperature gradient 
I 
I across the melt layer. 
i 
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1 P r e s  s u r e  - Re 1 i e  vecl 
I 
I 
I 
I CoAnec t ions  
t 
R e f i l l  B ladde r  ~ 
I 
I 
~ Hea t ing  Cycle 
L P r e s s u r e  Diaphragm I N. 
e f i l l  B l a d d e r  
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\ \ \  \ \ \ \ \ \ \ \ \ \  
P r e s s u r  
-While R 
& S o l i d  
F u s i b l e  
- R e f i l l  B ladde r  
i z e d  
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FIGURE 48 FUSIBLE 'MATERIAL - CONS'TANT TEMPERATURE HEAT S I N K  APPARATUS 
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SECTlON VI11 
CONCLUSIONS 
I Endothermic m e l t i n g  and exo the rmic  s o l i d i f i c a t i o n  of m a t e r i a l s  w i t h  s u i t a b l e  
r t he rmophys ica l  p r o p e r t i e s  i s  a p r a c t i c a l  means of t e m p e r a t u r e  c o n t r o l  of  
s p a c e c r a f t  components and subsystems.  
I 1 
I The concep t  can  b e  a p p l i e d  t o  a h e a t  s i n k  system, where t h e  was te  h e a t  
I 
g e n e r a t e d  by a n  equipment i t e m  i s  absorbed i n  t h e  m e l t i n g  p r o c e s s  of  a f u s i b l e  
m a t e r i a l  i n  a n  e s s e n t i a l l y  a d i a b a t i c  system. Th i s  arrangement  i s  l i m i t e d  i n  
I 
I t o t a l  t i m e  i n t e g r a t e d  h e a t  which c a n  be  absorbed by t h e  weight  of t h e  f u s i b l e  
I 100 BTU ( 2 9 . 3  w a t t - h o u r s )  of d i s s i p a t e d  hea t .  However, where t ime  i n t e g r a t e d  
I 
mate r i a l  r e q u i r e d .  T h i s  weight  p e n a l t y  amounts t o  approx ima te ly  one pound p e r  
h e a t  d i s s i p a t i o n  i s  s m a l l ,  a n  ex t r eme ly  s imple and e n t i r e l y  p a s s i v e  t e m p e r a t u r e  
c o n t r o l  sys t em can  be des igned .  Such a system can  be  i n t e g r a t e d  w i t h  a space-  
c r a f t  component t o  form a s e l f - c o n t a i n e d  u n i t ,  which can be mounted any p l a c e  
i n  t h e  c r a f t  w i t h o u t  r e l i a n c e  on h e a t  t r a n s f e r  t o  t h e  environment f o r  t empera tu re  
c o n t r o l .  F o r  a g i v e n  f u s i b l e  m a t e r i a l ,  p a r a m e t r i c  d e s i g n  d a t a  and c u r v e s  can be 
I 
I 
\ 
I developed ( a s  i n c l u d e d  f o r  f o u r  m a t e r i a l s  i n  t h i s  r e p o r t )  which permit  ready 
e s t i m a t i n g  of t he rma l  performance and q u a n t i t y  of f u s i b l e  m a t e r i a l  r e q u i r e d .  
The c o n c e p t  can  a l s o  be  a p p l i e d  t o  supplement o t h e r  means of  thermal  c o n t r o l  of  
s p a c e c r a f t  components. I n  combinat ion w i t h  r a d i a t i o n  t o  s p a c e ,  a d d i t i o n  of 
f u s i b l e  m a t e r i a l  t o  r a d i a t i n g  s u r f a c e s  can i n c r e a s e  t h e  the rma l  i n e r t i a  of t h e  
system. T h i s  w i l l  p e r m i t  smaller r a d i a t o r  a r e a s  where t h e  was te  h e a t  h i s tog ram 
i n c l u d e s  s h o r t  d u r a t i o n  power peaks.  The performance of  such s y s t e m s  can be 
p r e d i c t e d  by d i g i t a l  computer a n a l y s i s .  However, t h e  l a r g e  number of  v a r i a b l e s  
of such  sys t em does n o t  pe rmi t  p r e s e n t a t i o n  of d e s i g n  d a t a  on g e n e r a l i z e d  d e s i g n  
c u r v e s .  
Thermal c o n t r o l  package d e s i g n  f o r  f u s i b l e  m a t e r i a l  a p p l i c a t i o n s  r e q u i r e s  c o n t a i n -  
ment of  t h e  f u s i b l e  m a t e r i a l  i n  a package which w i l l  pe rmi t  volume change w i t h  
t e m p e r a t u r e  and l i q u i d - s o l i d  phase change and m a i n t a i n  t h e  package f u l l  a t  a l l  
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t imes,  t h u s  p r o v i d i n g  c o n t a c t  o f  t h e  f u s i b l e  m a t e r i a l  w i t h  t h e  component 
s u r f a c e  t o  be t h e r m a l l y  c o n t r o l l e d .  F a b r i c a t i o n  o f  t h i s  package from an 
e l a s t o m e r i c  material  appea r s  a t  p r e s e n t  a s  t h e  most d e s i r a b l e  way t o  s a t i s f y  
t h e  r equ i r emen t s ,  though o t h e r  p o s s i b i l i t i e s  a r e  a l s o  be ing  cons ide red .  
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NORTHROP SPACE LABORATORIES 
SECTION I X  
RECOMMENDATIONS 
--tsed on t h e  o b s e r v a t i o n s  and c o n c l u s i o n  of t h e  work performed u p  t o  t h i s  t i m e ,  
t h e  f o l l o w i n g  recommendations f o r  f u r t h e r  r e s e a r c h  a re  made: 
The work on d e s i g n  and development of  " F u s i b l e  Mate r i a  1 Therma 1 
C o n t r o l  Packages" shou ld  be con t inued .  It  shou ld  i n c l u d e  b o t h ,  
t h e  a d i a b a t i c  and t h e  f u s  i b  le-ma t e r  i a  1- p l u s  - r ad  i a  t ing-  f i n  s y s t e m s .  
Thermal C o n t r o l  Package development shou ld  be d i r e c t e d  towards 
development of  s p a c e  we igh t  hardware. 
Experimental  v e r i f i c a t i o n  of  a n a l y t i c a l l y  determined performance d a t a  
shou ld  b e  performed. T h i s  expe r imen ta t ion  w i l l  make u s e  of t h e  
" F u s i b l e  M a t e r i a l  Thermal Con t ro l  Packages" deve loped ,  and t e s t  
performance under  s i m u l a t e d  space c o n d i t i o n s .  
F e a s i b i l i t y  of materials o t h e r  than t h o s e  p r e s e n t l y  c o n s i d e r e d  s h a l l  
b e  e v a l u a t e d .  Phase changes on d e c r e p i t a t i o n  of  hydra t ed  s a l t s ,  such 
a s  t h e  endothermic change from Na So 
p r o v i d e  h e a t  a b s o r p t i o n  of  108 BTU/pound and probably b e t t e r  t he rma l  
c o n d u c t i v i t y  than  l i q u i d  p a r a f f i n s .  Exothermic r e c r y s t a l l i z a t i o n  
does n o t  t a k e  p l a c e  a s  p r e d i c t a b l y  and r e l i a b l y  a s  t h e  r e s o l i d i f i c a t i o n  
of  a mol t en  p a r a f f i n .  
system. But f u r t h e r  s t u d y  i n t o  a p p l i c a b i l i t y  of t h i s  and o t h e r  
p o t e n t i a l  m a t e r i a l s  i s  recommended. 
C o n t i n u a t i o n  of i n v e s t i g a t i o n  i n  t h e  a r e a  of improvement of e f f e c t i v e  
the rma l  conductance of t h e  l i q u i d  m e l t  l a y e r ,  a s  o u t l i n e d  under  
" P o t e n t i a l  Improvements of  Thermal C o n t r o l  Package Design",  i s  recom- 
mended. Experimental  t echn iques  shou ld  be used where r e q u i r e d  f o r  
development and v e r i f i c a t i o n .  
10 H 0 t o  Na2S04 + 10 H 2 0 ,  2 4  2 
A p p l i c a t i o n  cou ld  be l i m i t e d  t o  t h e  a d i a b a t i c  
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